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This application claims priority and is a continuation-in- 
part application of U.S. Serial No. 09/159,858, filed 
September 24, 1998, the contents of which is hereby 
incorporated by reference. 

10 

The invention disclosed herein was made with Government 
support under Grant No. NIH GM50237 from the Department of 
Health and Human Services (National Institutute of Health) . 
Accordingly, the U.S. Government has certain rights in this 
15 invention. 

Background of the Invention 

Throughout this application, various publications are 
2 0 referenced by author and date. Full citations for these 
publications may be found listed alphabetically at the end 
of the specification immediately preceding Sequence Listing 
and the claims. The disclosures of these publications in 
their entireties are hereby incorporated by reference into 
25 this application in order to more fully describe the state 
of the art as known to those skilled therein as of the date 
of the invention described and claimed herein. 

In the yeast Saccharomvces cerevisiae, the Mecl and Rad53 
30 proteins are involved in the Gl , S and G2 cell cycle 
checkpoint pathways (reviewed by Elledge, 1996) . In the 
presence of DNA damage or a DNA replication block (s) , these 
proteins are required to arrest or slow cell cycle 
progression. At the same time, they induce transcription of 
35 the genes encoding ribonucleotide reductase (RNR) , which 
catalyzes the rate-limiting step in dNTP synthesis that is 
necessary for replication and repair (reviewed by Reichard, 
1988) . In addition to their involvement in checkpoint 
pathways, Mecl and Rad53 are both essential for cell growth 



(Zheng et al . , 1993; Kato and Ogawa, 1994). This property 
distinguishes them from most other checkpoint genes, which 
are dispensable for growth. 

Two observations suggest that Rad53 acts after Mecl for both 
checkpoint and essential functions. First, the 
phosphorylation of Rad53 in response to DNA damage is absent 
in a mecl mutant (Sanchez et al . , 1996; Sun et al . , 1996). 
Second, overproduction of Rad53 suppresses mecl lethality 
and partially suppresses its hydroxyurea sensitivity 
(Sanchez et al . , 1996). Since both proteins function as 
signal transducers in a common checkpoint pathway, they may 
play a similar role in the regulation of mitotic cell 
growth. However, the exact nature of their essential 
functions is not known and whether their checkpoint and cell 
growth functions overlap is still an open question. 

Mecl is a member of the PI3 -kinase family, composed of 
proteins that have PI kinase or protein kinase activity 
(reviewed by Zakian, 1995; Shiloh, 1997) . Interestingly, ATM 
and Atm, homologs of Mecl in human and mice respectively, 
also play dual roles in cell growth and cell cycle 
checkpoint function (reviewed by Friedberg, 1995,; Shiloh, 
1997) . Mutations in the ATM gene result in a recessive 
autosomal disease, ataxia telangiectasia (AT) , a multi- 
system disorder associated with a high risk of cancer. 
Mitotic cells from AT patients grow poorly, senesce 
prematurely and exhibit a higher nutrient requirement in 
vitro. In addition, these cells are checkpoint deficient 
since they are sensitive to ionizing radiation and display 
radioresistant DNA synthesis. The phenotype of Atm-def icient 
mice mimics that of AT patients, and fibroblasts from these 
mice exhibit growth defects and radioresistant DNA synthesis 
similar to that observed in AT cells (Barlow et al . , 1996; 
Xu et al . , 1996; Xu and Baltimore, 1996; Elson et al . , 
1996) . The growth defect of the Atm -def icient cells 
correlates with a failure to enter S phase efficiently and 
can be suppressed by deletion of either the p53 or p21 gene 
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(Xu and Baltimore, 1996; Westphal et al . , 1997; Wang et al . , 
1997b) . The molecular basis for the cell growth functions of 
ATM_and Atm is not clear. Given the conservation between 
Mecl and these two proteins, an investigation of the role of 
Mecl in mitotic growth may shed light on the cell growth 
functions of ATM_and Atm. 



The present invention provides for an isolated Smll protein 
or a homologue thereof. The present invention also provides 
for a screening assay for identifying compounds that are 
capable of reducing the division rate of a cell by altering 
an interaction between a ribonucleotide reductase and a Smll 
protein in the cell, which comprises: (a) contacting the 
cell with a compound, (b) comparing the division rate of the 
cell in step (a) with the division rate of the cell in the 
absence of the compound so as to determine whether the 
compound alters the interaction between the ribonucleotide 
reductase and the Smll protein of the cell, thereby reducing 
the cell division rate of the cell. The present invention 
also provides for a method for treating cancer in a cancer 
patient which comprises adminstering to the patient an 
amount of a compound effective to increase 'an interaction 
between a ribonucleotide reductase protein and an Smll 
protein in cancer cells of the patient, thereby reducing 
cell division rate of the cancer cells in the patient and 
treating the cancer. 
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Brief Description of the Figures 

Figures 1A-1C. Cloning the SML1 gene 

5 (Fig 1A) Outline of the cloning strategy. DNA from a CEN- 
LEU2 plasmid-based genomic library was transformed into the 
indicator strain, U940. Transf ormant s were plated on medium 
lacking leucine and SML1 - containing plasmids were identified 
as solid red transf ormants (See Experimental Details) . 

10 (Fig IB) The genes and ORFs on the insert of pWJ73 9 are 
shown with arrows indicating the direction of transcription. 
Three deletion constructs and their ability to complement 
smll are shown. Restriction sites: H, Hin di II ; N, Nco l ; P, 
Pml I ; S, SacII; Sn, SnaBI . 

15 (Fig 1C) DNA sequence of\ the SML1 region is shown with the 
predicted amino acid sequence of the SML1 ORF . Two 11 base 
pair direct repeats are underlined. The putative TATA box is 
indicated by large bold letters. 

2 0 Figures 2A-2D. Suppression of the lethality of mecl^ and 
rad53/i bv smll mutations 

(Figs 2A-2D) The genotype of the diploid is indicated above 
each panel. Six tetrads are shown for each and spore clones 

25 from the same tetrad are displayed vertically. In all cases, 
the genotype of inviable spores is deduced from those of the 
sister spore clones and are mecl^ in (Fig 2A, 2B & 2C) and 
rad53a in (Fig 2D) . In (Fig 2A) , wild-type, smll^i and mecl^ 
smll^ spore clones are shown to grow equally well. In (Fig 

30 2B) , dunl^, smll^ dunl^ , and mecl^ smll^i dunla triple mutant 
spores clones grow like wild-type. In (Fig 2C) , the two 
slow-growing spore clones are meclz smlla tella triple 
mutants. In (Fig 2D), the uniformly slow-growing spore 
clones are rad53^i smll - 1 double mutants. 

35 

Figures 3A-3D. SML1 affects mitochondrial propagation 



(Figs. 3A-C) Cells were streaked on YPD medium and incubated 
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at 30°C for 5 days. In the W303 genetic background,- petite 
cells can be easily identified as they form white colonies 
or white sectors in otherwise red colonies. A wild-type, a 
smll^ mutant strain and a strain containing two copies of 
5 SML1 (2XSML1) are shown. 

(Fig 3D) The frequency of petite formation was measured in 
smlld, wild- type and SML1 - duplication strains as described 
in Experimental Details and the averages and standard 
deviations are shown. 
10 (Fig 3E) sml 1a rescues the lethality of mipl - 1 strains at 
37°C. Patches of cells with the indicated genotypes were 
grown at 30°C on selective medium before replicating to 
YPGlycerol medium. The replicated plate is shown • after 
overnight incubation at 3 7°C. 

! &y 

CO 15 

Figures 4A-4G. SML1 affects DNA damage sensitivity 

m 

Mid-log phase YPD-grown cells were spotted at 10 -fold serial 
dilutions (from 10 5 to 10 cells) followed by treatment with 
UV light. At the same time, cells were also spotted onto YPD 
plates containing HU or MMS at the indicated concentration. 
These plates and the control YPD plates used to confirm the 
dilution were incubated at 3 0°C for 4 days and photographed. 
At least two different strains were tested for each 
genotype. In (Fig 4A-C) , cells from wild-type, smlla and 
SML1 - duplication strains were examined for their HU and MMS 
sensitivity. In (Fig 4D-G) , cells from wild-type, sml 1a . 
dunlzi, dunl^ smllzi strains were tested for UV light, HU or 
MMS sensitivity. 



Figures 5A-5K. dNTP pools and the mRNA levels of the RNR 
genes in smll strains 
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(Figs 5A-H) The 254 nm absorption profiles of the elution of 
the dCTP, dTTP, dGTP and dATP peaks are shown in (Fig 5A-H) . 
The dNTPs were extracted from W1588-4C (wild-type) and U952- 
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3B ( smll/O and separated by a C-18 reverse phase HPLC column 
(see Experimental Details). An injection volume of 100 //l , 
which represented 3 9% of the total dNTP fraction extracted 
from 3.1 x 10 9 cells, was applied. There is - no significant 
difference between the cell volumes of wild-type and smll 
strains. The area under the peaks designated with_ the 
arrowheads was integrated to generate the numbers shown in 
(Fig 51) which represent the average of two determinations 
that differ by only 4%. 

(Fig 5 J) Autoradiogram of a blot of total RNA extracted from 
wild-type, mecl^ snails and smllz strains and hybridized with 
probes specific for RNR1, RNR2, RNR4 and actin. 

(Fig 5K) Autoradiogram of a blot of total RNA extracted from 
wild-type, smlla , dunlzi and dunl^a smllz strains both before 
and after 3 hour induction with either HU or MMS . The blot 
was hybridized with probes specific for RNR1, RNR2, RNR3, 
RNR4 and actin. 

Figure 6. Smll and Rnrl form a complex in vivo 

GST-Rnrl and HA- Smll were induced by adding 2% galactose to 
a mid-log phase yeast culture. Protein was extracted after 
an additional five hours of growth. Five hundred /^g of 
protein extract was incubated either with glutathione beads 
or ant i -HA antibody followed by protein-G beads as 
indicated. After washing, the beads were precipitated and 
the proteins were eluted and separated on a 7.5% SDS-PAGE 
gel (upper panel) or a 15% SDS-PAGE gel (lower panel) . 
Protein was transferred to membranes and the blots were 
probed with ant i -GST antibody (upper panel) or ant i -HA 
antibody (lower panel) . The plasmids carried by the strains 
are indicated above each lane. The two unlabelled bands in 
the lower panel are IgG. 

Figure 7. A model for Mecl and Rad53 function in RNR 
regulation 



Mecl and Rad53 are known to function after DNA damage or a 
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DNA replication block (s) to halt cell cycle progression and 
to up-regulate the transcription of RNR genes through Dunl 
as indicated by the thin black lines. Increased transcripts 
for RNR subunits may result in elevated levels of the 
corresponding proteins (not yet demonstrated) . It is also 
known that RNR transcripts are induced during S phase, which 
requires the Mbpl/Swi6 complex (Koch et al . , 1993). We 
propose that post - translat ional regulation of RNR activity 
is mediated by removing the inhibitory effect of Smll. This 
regulation could occur both during S phase and after DNA 
damage and requires the function of Mecl and Rad53 . It is 
likely that the regulation is mediated via the putative 
Mecl/Rad53 kinase cascade and that the target for 
phosphorylation could be Smll or any of the RNR subunits. 
The gray arrows indicate S phase regulation and may account 
for the essential functions of both MEC1 and RAD 5 3 . The 
"other function" of Rad53 is postulated to explain the slower 
growth of rad53 smll double mutants (see Figure 2D) . 

Figure 8 Samples of" Smllp preparations after different 
purification steps analyzed on a 15% SDS-PAGE and stained by 
Coomassie Brilliant Blue. Lane 1; 10 \xg of protein lysate 
after the ultracentrif ugat ion . Lane2 ; 10/zg of protein after 
the ammonium sulfate fractionation. Lane 3; 10 fig of protein 
after the ultrafiltration. Lane 4; molecular weight markers 
(kDa) . 

Figure 9 Inhibition of yeast RNR by Smllp. A series of tubes 
containing yeast RNR (10 fig of Rnrlp and 7 /zg of Rnr2p/Rnr4p 
heterodimer) were incubated at 30°C for 30 min in a final 
volume of 50/il : 25 nmol of [ 3 H] CDP (specific activity 
3 70 0 0cpm/nmol) , 2 jzmol of Tris-HCl, pH 7.6, 0.125 /zmol of 
ATP, 0.32 /imol of MgCl 2 , 0.5 /imol of dithiothreitol , 5 /zmol 
of KCl and 1 nmol of FeCl 3 . In addition, the tubes contained 
increasing amounts of Smllp. After incubation, the samples 
were processed as described earlier to obtain the amount of 
dCDP formed (22) . 
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Fiaure 10 Inhibition of yeast RNR by nonapeptides 
corresponding to the C terminal ends of Smllp, Rnr2p or 
Rnr4p. A series of tubes containing yeast RNR (10 fig of 
Rnrlp and 1 ^g of Rnr2p/Rnr4p heterodimer) were incubated at 
3 0°C for 3 0 min as described in Fig. 9 in the presence of 
increasing amounts of nonapeptide. Smll peptide, a; -Rnr2 
peptide, o; Rnr4 peptide, x. 

Figure 11 Sucrose gradient centrif ugat ion of yeast Rnrlp- in 
the absence or in the presence of dTTP, with or without 
Smllp. Sedimentation (from the right to the left) was 
performed as described in Materials and Methods. Catalase 
(s 20 u = 11.4 S) sedimented in fraction 14 (arrow). Thick 
line, Rnrl protein sedimented alone without dTTP or Smllp. 
The two peaks represent the dimer (fraction 21) and monomer 
(fraction 25) positions in the gradient. Hatched line, Rnrlp 
sedimented in the presence of dTTP. Most of the material now 
sedimented as tetramers (fraction 5) or dimers (fraction 
21) . Note that the small peak sedimenting at fraction 26 
represents an impurity in the Rnrlp preparation (the band 
just below the Rl band in the gel insert) . The sedimentation 
of this material is not affected by dTTP. Thin line, Rnrlp 
with Smllp sedimenting in the presence of dTTP. SDP-PAGE 
(15% gel) analysis of fractions from the gradient. Each lane 
on the gel is positioned above the corresponding fraction in 
the gradient. 

Figure 12A Sensorgram showing the interaction between 
immobilized Smllp (91 RU) and increasing concentrations of 
mobile phase Rnrlp (0.1, 0.2, 0.25, 0.5, 1, 2 and 2.5 fiM 
using the monomer molecular weight of 100,000). Injection 
starts at 150 sec and ends at 510 sec. In this figure, the 
bulk effect response of around 60 RU has been subtracted. 
Figure 12B Dose -response curve where the response at 
equilibrium is plotted against the concentration of Rnrlp 
(the same data as shown in A) . The plot shows both the 
experimental curve and a curve fitted to a one site binding 
model (hyperbola) by the GraphPad Prism program. 
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Ficrure 13 Inhibition of mouse RNR by the Smllp-. A series of 
tubes containing mouse RNR (1 /zg of Rl protein and the 
indicated amounts of R2 protein) were incubated at 3 7°C for 
3 0 minutes as described in Fig. 9 in the absence (a) or' in 
5 the presence of 36 /-tg of Smllp (o) . 

Figure 14 Sensorgram showing the interaction between 
immobilized Smllp and the mouse Rl protein. Curve 1 shows 
the bulk effect response when Rl protein (0.1 mg/ml) is 

10 passed over a sensor chip without Smllp. Curve 2 shows the 
response when a mixture of mouse Rl and R2 proteins (both at 
0.1 mg/ml) in the presence of 0.1 mM dTTP is passed over a 
sensor chip with immobilized Smllp. Curve 3 showes the 
response with mouse Rl protein alone at 0.1 mg/ml passed 

15 over immobilized Smllp. Note that the injection time for 
this curve is prolonged from 6 min to 14 min. Curve 4 was 
obtained with mouse Rl protein at 0.1 mg/ml in the presence 
of 0.1 mM dTTP passed over immobilized Smllp, and Curve - 5 
shows the response obtained with yeast Rnrlp at 0.1 mg/ml 

20 passed over immobilized Smllp. 
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Detailed Description of the Invention 

The present invention prbvides for an isolated Smll protein 
3 0 or a homologue thereof. In one embodiment, the Smll protein 
has the amino acid sequence shown in Figure 1C (Seq ID No. 
1) . In another embodiment! the Smll protein is a homologue, 
such as a human Smll protfein, a rat Smll protein, a mouse 
Smll protein, a microbial Smll protein, a plant Smll 
35 protein, or an insect Smll protein. 

The present invention also provides for an isolated nucleic 
acid encoding an Smll protein. In one embodiment, the 
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nucleic acid has the nucleotide sequence shown in Figure 1C. 
In another example of the present invention, the nucleic 
acid has the nucleotide sequence which encodes the amino 
acid sequence shown in Figure 1C from 1 to 104 . 

5 

In one embodiment of the present invention, a vector 
comprises the nucleic acid. The vector may be a virus, a 
plasmid, a phage or an expression vector. 

10 The present invention also provides for a host cell 
comprising the vector. 

* The present invention also provides for a nucleic acid 

| ! |~ molecule which comprises an antisense sequence of at least 

01 15 a portion of the nucleic acid sequence encoding a Smll 

" ! p protein. 

m 

CP Furthermore, the present invention encompasses an antibody 

^ which specifically recognizes a Smll protein. In one 

;;;3 20 embodiment, the antibody is a polyclonal or monoclonal 

*M antibody. 



.site, 



The present invention provides for a screening assay for 
identifying compounds that are capable of reducing the 

25 division rate of a cell by altering an interaction between 
a ribonucleotide reductase and a Smll protein in the cell, 
which comprises: (a) contacting the cell with a compound, (b) 
comparing the division rate of the cell in step (a) with the 
division rate of the cell in the absence of the compound so 

3 0 as to determine whether the compound alters the interaction 
between the ribonucleotide reductase and the Smll protein of 
the cell, thereby reducing the cell division rate of the 
cell. 

3 5 In one embodiment of the invention, the compound is an 
organic compound, a peptide, an inorganic compound, a lipid, 
a peptidomimetic or a small synthetic compound. In one 
embodiment, the peptide or the peptidomimetic is a variant 
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of a Smll protein or a fragment thereof. In another 
embodiment of the invention, the fragment is from about 20 
amino acids to about 90 amino acids in length. In another 
embodiment of the invention, the cell is a yeast cell, a 
5 mammalian cell, a plant cell, an insect cell or a microbe. 
In another embodiment of the present invention, the 
mammalian cell is a human cell, a hamster cell, a mouse 
cell, a rat cell or a monkey cell. 

10 The present invention provides for a previously unknown 
compound identified by the screening assay described herein. 
The present invention also provides for a pharmaceutical 
composition which comprises the compound identified by the 
screening assay and a, carrier. In one example, the carrier 

15 is an aerosol, - topical, intravenous or oral carrier, or a 
subcutaneous implant. In another embodiment, the implant is 
a time release implant. 

The present invention also provides for a method for 
20 inhibiting cell division which comprises contacting a cell 
with a compound identified by the screening assay. The 
present invention also provides for a method for inhibiting 
cell division in a subject which comprises administering to 
the subject an amount of the compound identified by the 

2 5 screening assay. 

In one embodiment, the subject is suffering from increased 
cell division. In another embodiment, the subject is 
suffering from cancer or a microbial infection. In another 

3 0 embodiment, the subject is suffering from ataxia 

telangiectasia . 

The present invention also provides a method for treating 
cancer in a cancer patient which comprises adminstering to 
35 the patient an amount of a compound effective to increase an 
interaction between a ribonucleotide reductase protein and 
an Smll protein in cancer cells of the patient, thereby 
reducing cell division rate of the cancer cells in the 
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patient and treating the cancer. 

In another embodiment, the compound may be yeast Smll 
protein which is administered to a cancer patient, wherein 
5 the cells of the cancer patient do not express endogenous 
Smll protein. The yeast Smll protein is capable of binding 
to human ribonucleotide reductase protein. In a further 
embodiment, the compound may also be a synthetic or 
recombinant Smll protein and is administered to a human 
10 cancer patient in order to reduce cell division rate of 
cancer cells. The compound may be yeast Smll protein or DNA 
or RNA encoding yeast Smll protein. 

The present invention also provides a method for treating a 
15 microbial infection in a patient which comprises 
adminstering to the patient an amount of a compound 
effective to increase an interaction between a 
ribonucleotide reductase protein and an Smll protein in the 
microbe, thereby reducing the division rate of the microbe 
20 in the patient and treating the microbial infection. 

In one embodiment, the compound is a compound which was 
identified by the screening assay. In another embodiment, 
the compound is delivered to the patient via a carrier. In 
2 5 a further embodiment, the carrier is an aerosol, topical, 
intravenous or oral carrier, or a subcutaneous implant. In 
a further embodiment, the implant is a time release implant. 
In another embodiment, the compound is an Smll polypeptide 
or a variant thereof. 

30 

Homologs of yeast Smll protein and SML1 gene are also 
encompassed by the present invention. Isolation of homologs 
in other species once one nucleic acid sequence is isolated 
in one species (e.g. yeast) is understood to be routine by 
35 one of skill in the art. One of skill could isolate the 
human- homolog of Smll protein and SML1 gene by routine 
methods, for example, cloning by computer-determined 
homology. For example, one could follow the following steps 



to isolate the human homolog of SML1 : 



1. PCR amplify the cDNA of human RNRl gene from a cDNA 
library. The primers should be able to anneal to the 5' end 
and 3' end sequence of the human RNRl ORF and should contain 
proper restriction enzyme sites to facilitate the cloning. 

2. Clone the PCR-amplif ied fragment into a GBD (Gal4 DNA 
binding domain) vector, such as pGBD-Cl (James et al . , 
1996) . 

3. Transform the pGBD-RNRl plasmid DNA into a two-hybrid 
strain, such as PJ69-4A (James et al . , 1996). 

4. Test the suitability of pGBD-RNRl plasmid to perform a 
two-hybrid screen by examining the expression of the GBD- 
RNR1 fusion protein and its effect on the reporter genes, in 
the two-hybrid strain. 

5. Transform GAD (Gal4 DNA activation domain) -based human 
two- hybrid cDNA library into the two-hybrid strain that 
contains pGBD-RNRl . 

6. Select for the positive interacting plasmid on suitable 
medium, such as - SC-TRP-LEU-HIS and followed by a second 
round of selection on SC-TRP-LEU-ADE medium. 

7 . Further test the positives by examining whether the 
presence of both pGBD-RNRl and the library plasmid is 
necessary and sufficient to turn on the reporters of the 
two-hybrid strain. 

8. Isolate the GAD based plasmid DNA from the positive 
strains and perform sequence analysis on the genes contained 
within the plasmid. The protein products of such genes 
should be able to bind to Rnrl . The human homolog of the 
SML1 gene should be one of those genes. Human homolog of 
SML1 should be identified by sequence homology to the yeast 



SML1 nucleic acid sequence. 



The present invention provides for variants of the isolated 
Smll protein which may be prepared by introducing 
appropriate nucleotide changes into a nucleic acid encoding 
Smll or by in vitro synthesis of the desired .-Smll 
polypeptide. Such variants include, for example, deletions 
from, or insertions or substitutions of, residues within the 
amino acid sequence shown in Figure 1C for yeast Smll or 
similar changes to a homologue of yeast Smll protein. Any 
combination of deletions, insertion, and substitution can be 
made to arrive at the final construct, provided that the 
final construct possesses the desired characteristics (e.g., 
competitive inhibition of RNR) . The amino acid changes also 
may alter post-translational modifications of the Smll 
protein, such as changes in the glycosylation sites or 
modifying its susceptibility to proteolytic cleavage or 
phosphorylation . 

This invention also provides for fusion proteins which 
contain a Smll polypeptide linked to an unrelated protein 
domain(s). The fusion proteins may be created by the 
insertion of amino- and/or carboxyl -terminal fusions ranging 
in length from one residue to polypeptides containing a 
hundred or more residues, as well as intrasequence 
insertions of single or multiple amino acid residues. 
Intrasequence insertions (i.e. insertions within the Smll 
amino acid sequence) may range generally from about 1 to 10 
residues, or preferably 1 to 5, and most preferably 1 to 3 . 
Examples of terminal insertions include Smll with- an N- 
terminal methionyl residue (an artifact of the direct 
expression of Smll in bacterial recombinant cell culture) , 
and fusion of a heterologous N-terminal signal sequence to 
the N-terminus of Smll to facilitate the secretion of mature 
Smll from recombinant host cells. Such signal sequences 
generally will be obtained from, and thus be homologous to, 
the intended host cell species. Suitable sequences include 
but are not limited to STII or 1 pp for E. coli , alpha 



factor for yeast, and viral signals such as herpes gD for 
mammalian cells. 

Other insertional variants of Smll may include the fusion of 
the N- or C-terminus to an immunogenic polypeptide, e.g., 
bacterial polypeptides such as beta- lactamase or an enzyme 
encoded by the E. coli trp locus, or yeast protein, bovine 
serum albumin, or chemotactic polypeptides. 

The present invention also provides for Smll polypeptides 
which have amino acid substitution variants. These variants 
have at least one amino acid residue in the Smll molecule 
removed and a different residue inserted in its place. The 
sites of greatest- interest for substitutional mutagenesis 
include a site(s) identified as an active site(s) of Smll 
(e.g. the binding site for RNR) , and sites where the amino 
acids found in Smll homolgoues from various species- are 
substantially different or substantially similar in terms of 
side -chain bulk, charge, and/or hydrophobicity . 

Other sites of interest are those in which particular 
residues of the purified Smll polypeptide obtained from 
various species are identical. These positions may be 
important for the biological activity of Smll. These sites, 
especially those falling within a sequence of at- least three 
other identically conserved sites, are substituted in a 
relatively conservative manner. Such conservative 

substitutions may be known as "preferred substitutions" and 
may include: valine substituted for alanine; lysine for 
arginine; glutamine for asparagine; glutamate for aspartate; 
serine for cysteine; asparagine for glutamine, aspartate for 
glutamate; proline for glycine; arginine for histidine; 
leucine for isoleucine; arginine for lysine, leucine for 
methionine, leucine for phenylalanine; glycine for proline, 
threonine for serine; serine for threonine; tyrosine for 
tryptophan; phenylalanine for tyrosine and leucine for 
valine. 
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Substantial modifications in function or immunological 
identity of the purified Smll polypeptide are accomplished 
by selecting substitutions that differ significantly in 
their effect on maintaining (a) the structure of the 
5 polypeptide backbone in the area of the substitution, for 
example as a sheet or helical conformation, (b) the charge 
or hydrophobicity of the molecule at the target site, or (c) 
the bulk of the side-chain. Naturally occurring residues 
are divided into groups based on common side chain 

10 properties: hydrophobic; neutral hydrophilic; acidic; basic; 
residues that influence chain orientation and aromatic. 
Non- conservative substitutions will entail exchanging a 
member of one of these classes for another. Such 
substituted residues may be introduced into regions of Smll 

15 that are homologous with other proteins, or, more 
preferably, into the non -homologous regions of the molecule. 

One embodiment of the present invention is wherein the 
compound is a peptidomimet ic having the biological activity 

2 0 of Smll or wherein the compound has a bond, a peptide 

backbone or an amino acid component replaced with a suitable 
mimic. Examples of unnatural amino acids which may be 
suitable amino acid mimics include ^-alanine, L-a-amino 
butyric acid, L-y-amino butyric acid, L-Qf-amino isobutyric 
25 acid, L-e -amino caproic acid, 7-amino heptanoic' acid, L- 
aspartic acid, L-glutamic acid, cysteine (acetamindomethyl ) , 
N - e -Boc-N-cy-CBZ-L- lysine, N - 6 -Boc -N- a -Fmoc-L- lysine , L- 
methionine sulfone, L-norleucine , L-norvaline, N-a-Boc-N- 
5CBZ-L- ornithine , N- 6 -Boc- N- a- CBZ-L- ornithine , Boc-p-nitro- 

3 0 L - phenyl al anine , Boc - hydroxyprol ine , Boc - L - t hioprol ine . 

(Blondelle, et al . 1994; Pinilla, et al . 1995). 

The present invention incorporates U.S. Patent Nos . 
5,446,128, 5,422,426 and 5,440,013 in their entireties as 
35 references which disclose the synthesis of peptidomimetic 
compounds and methods related thereto. The compounds of the v 
present invention may be synthesized using these methods. 
The present invention provides for peptidomimetic compounds 
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which have substantially the same three-dimensional 
structure as those compounds described herein. 

In addition to the compounds disclosed herein having 
naturally-occurring amino acids with peptide or unnatural 
linkages, the present invention also provides for other 
structurally similar compounds such as polypeptide analogs 
with unnatural amino acids in the compound. Such compounds 
may be readily synthesized on a peptide synthesizer 
available from vendors such as Applied Biosystems, Dupont 
and Millipore. 

This invention provides for the creation of a combinatorial 
library of potential Smll homologs that can be generated 
from a degenerate oligonucleotide sequence. Chemical 
synthesis of a degenerate gene sequence can be carried out 
in an automatic DNA synthesizer, and the synthetic genes can 
then be ligated into an appropriate vector for expression. 
The synthesis of degenerate oligonucleotides is well known 
in the art. (see Sambrook, et al . , 1989; U.S. Patents Nos. 
5,223,409; 5,198,346 and 5,096,815 which are hereby 
incorporated by reference in their entireties) . The purpose 
of making such a library is to provide in one mixture, all 
of the sequences encoding the desired set of potential Smll 
sequences. This mixture could then be used for seletion of 
particular affinities, binding properties and separate 
functionalities. Compounds could be generated from this 
library (i.e. a mixture of peptides) which may be tested in 
the screening assay described herein in order to identify 
compounds capable of inhibiting cell division. See Roberts, 
R.W. and Szostak, J.W. (1997) RNA-epetide fusions for the in 
vitro selection of peptides and proteins. Proc. Natl. Acad. 
Sci . USA 94:12297-12302 which is hereby incorporated by 
reference in its entirety into the present application. 

This invention also provides for a replicable vector which 
contains SML1 sequence and a host cell containing this 
vector. This expression vector may be a prokaryotic 
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expression vector, a eukaryotic expression vector, a 
mammalian expression vector, a yeast expression vector, a 
baculovirus expression vector or an insect expression 
vector. Examples of these vectors include PKK233-2, pEUK- 
5 CI, pREP4, pBl ueBacHi sA , pYES2 , PSE280 or pEBVHis. Methods 
for the utilization of these replicable vectors may be found 
in Sambrook, et al . , 1989 or in Kriegler 1990 which are 
incorporated by reference. The host cell may be a 
eukaryotic cell, a yeast cell, a somatic cell, a germ cell, 
10 a neuronal cell, a myocyte, a mammary carcinoma cell, a lung 
cell, a prokaryotic cell, a virus packaging cell, or a stem 
cell . 

A further embodiment of the invention is a monoclonal 
15 antibody which is specific for Smll. In contrast to 
conventional antibody (polyclonal) preparations which 
typically include different antibodies directed against 
different determinants (epitopes) , each monoclonal antibody 
is directed against a single determinant on the antigen. 
' t,c : 20 Monoclonal antibodies are useful to improve the selectivity 

Tjil and specificity of diagnostic and analytical assay methods 

using antigen-antibody binding. Also, they may be used to 
remove Smll from the serum or used to titrate out Smll 
proteins intracellularly . A second advantage of monoclonal 
25 antibodies is that they can be synthesized by hybridoma 
cells in culture, uncontaminated by other immunoglobins . 
Monoclonal antibodies may be prepared from supernatants of 
cultured hybridoma cells or from ascites induced by 
intraperitoneal inoculation of hybridoma cells into mice. 
3 0 The hybridoma technique described originally by Kohler and 
Milstein, 1976, (hereby incorporated by reference) has been 
widely applied to produce hybrid cell lines that secrete 
high levels of monoclonal antibodies against many specific 
antigens. 
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This invention provides for a nucleic acid comprising a 
unique SML1 sequence in a 3' to 5' orientation, antisense to 
at least a portion of a gene encoding naturally occurring 



-20- 



Smll. This antisense nucleic acid molecule may be labeled 
with a detectable moiety selected from the group consisting 
of a fluorescent label, a biotin, a digoxigenin, a 
radioactive atom, a paramagnetic ion, and a chemiluminescent 
5 label. See Inoue et al . U.S. Patent Nos. 5,2 08,14 9 and 
5,190,931 and Schewmaker, U.S. Patent No. 5,107,065 all of 
which are hereby incorporated by reference. 

Labeling of a circular oligonucleotide (such as a replicable 
10 vector as described herein) can be done by incorporating 
nucleotides linked to a "reporter molecule" into the subject 
circular oligonucleotides. A "reporter molecule", as 
defined herein, is a molecule or atom which, by its chemical 
nature, provides an identifiable signal allowing detection 

\l§ 15 of the circular oligonucleotide. Detection can be either 

qualitative or quantitative. The present invention 

pj« contemplates using any commonly used reporter molecule 

CP-. including radionucleotides , enzymes, biotins, psoralens, 

f luorophores , chelated heavy metals, and luciferin. The 

s;|i 2 0 most commonly used reporter molecules are either enzymes, 

f luorophores , or radionucleotides linked to the nucleotides 

\m which are used in circular oligonucleotide synthesis. 

P Commonly used enzymes include horseradish peroxidase, 

alkaline phosphatase, glucose oxidase and a-galactosidase , 
25 among others. The substrates to be used with the specific 
enzymes are generally chosen because a detectably colored 
product is formed by the enzyme acting upon the substrate. 
For example, p-nitrophenyl phosphate is suitable for use 
with alkaline phosphatase conjugates; for horseradish 
3 0 peroxidase, 1 . 2 -phenylenediamine , 5 -aminosalicylic acid or 
toluidine are commonly used. The probes so generated have 
utility in the detection of a specific nARIA DNA or RNA 
target in, for example, Southern analysis, Northern 
analysis, in situ hybridization to tissue sections or 
3 5 chromosomal squashes and other analytical and diagnostic 
procedures. The methods of using such hybridization probes 
are well known and some examples of such methodology are 
provided by Sambrook et al , 1989. This invention also 
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provides a method of amplifying a nucleic acid sample 
comprising priming a nucleic acid polymerase chain reaction 
with nucleic acid (DNA or RNA) which includes or is 
complementary to SML1 . 

5 

Another embodiment of this invention is the normal 
expression or overexpression of Smll ex vivo in human cells, 
stem cells or cancer cells or in microbe. The cells may be 
utilized for gene therapy in patients (See Anderson et al 
10 U.S. Patent No. 5,399,346). 

This invention further provides for a transgenic nonhuman 
O mammal whose germ or somatic cells contain a nucleic acid 

molecule which encodes human or a yeast Smll polypeptide or 

SB 

j sl & 15 biologically active variants thereof, introduced into the 

*;P mammal, or an ancestor thereof, at an embryonic stage. This 

J t p invention provides for a transgenic nonhuman mammal whose 

!<»* cells may be transfected with a suitable vector with an 

appropriate sequence designed to reduce expression levels of 
\£ 2 0 smll polypeptide below the expression levels of that of a 

f|J native mammal. The transgenic nonhuman mammal may be 

; s !s transfected with a suitable vector which contains an 

\*& appropriate piece of genomic clone designed for homologous 

recombination. Alternatively, the transgenic nonhuman 
25 mammal may be transfected with a suitable vector which 
encodes an appropriate ribozyme or antisense molecule. See 
for example, Leder and Stewart, U.S. Patent No. 4,736,866 
for methods for the production of a transgenic mouse. 

30 Biologically functional variants of Smll are encoded by 
nucleic acid molecules which are variants of .the SML1 
sequence. The foregoing variant DNA sequences may be 
translated into variant-Smll polypeptides which display the 
biological activity of an Smll polypeptide. These variant 

3 5 nucleic acid molecules may also be expressed in this 
transgenic mammal. Active variants should hybridize to the 
wild-type SML1 nucleic acid sequence under highly stringent 
or moderately stringent conditions (Sambrook et al , 1989). 



This invention is illustrated in the Experimental Details 
section which follows. These sections are set forth to aid 
in an unde rstanding of the invention but are not intended 
to, and should not be construed to, limit -in any way the 
invention as set forth in the claims which follow 
thereafter . 
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EXPERIMENTAL DETAILS 



Example 1: Isolation and Characterization of SML1, a 
supressor of a mecl Mutant 

5 

MEC1 is one of the cell cycle checkpoint genes in yeaat S . 
cerevisiae . It functions at three points in a mitotic cell 
cycle: Gl phase, S phase and G2-M phase transition. 
However, unlike most of the other cell cycle checkpoint 
10 genes, such as RAD 9 , RAD17, RAD24 and MEC3, MEC1 is also 
essential for vegetative growth. Moreover, certain alleles 
of mecl can cause- abnormal levels of recombination both 
mitotically and meiotically. Based on these facts, it has 
^ been proposed that Mecl protein carries out multiple 

i;§ 15 important functions and may connect cell cycle progression, 

cell 1 growth and recombination. Nevertheless, it is poorly 
i;jn understood how this protein is involved iri all of these 

CP important cellular processes, and why the cell chooses one 

protein to control cell growth and to monitor cell cycle 
Q 2 0 progression. There are homologs of Mecl protein in other 

u - organisms, which comprise a new protein family called P13- 

rtl 

rjij Kinase family. Many of the family members, such as ATM 

□ (ataxia-telangiectacia mutation), Mei-41, Rad3 , etc. also 

rl ~ carry out multiple roles in the cell. The study of Mecl 

25 protein in yeast may shed light on the physiological roles 

of other P13 -Kinase family members as well as on the 

understanding of the mechanism of AT. 

Here we report the isolation and characterization of one 
3 0 suppressor of mecl mutants - SML1 (suppressor of mecl 
lethality) . SML1 was first identified in a mecl-1 strain by 
genetic analysis, and this allele is called smll-1 . Further 
genetic assays proved that smll-1 is a recessive mutation. 
The gene was cloned using a scheme employing a black/white 
35 vector assay. SML1 is located on chromosome XIII. It 
encodes a small ORF, which was predicted by the Yeast 
Genomic Project. The search in the database reveals no 
other homolog in yeast or in any other organisms. 



Disruption of the chromosomal SML1 gene has no significant 
effect on cell growth or UV sensitivity- This disruption, 
like the original sml l - l allele, completely suppresses the 
lethality of mecl-1 as well as mecl A . Moreover, both sml 1-1 
and smll A can suppress the lethality of deletion of 
rad53 A/ mec2 A and other essential checkpoint genes. 

The further study of this suppressor will indicate whether 
it can also suppress other defects of mecl mutants and how 
it can bypass the need of the Mecl protein for survival. 
The study of the genetic relationship between SML1 and other 
suppressors of mecl lethality may lead to an understanding 
of the genetic pathway which uses Mecl protein to control 
cell growth. 

Example 2; SML1, a suppressor of mecl and rad53 lethality T 
negatively affects dNTP synthesis in Saccharomvces 
cerevisiae 

MEC1 and RAD53 are two essential genes that are also 
involved in DNA damage and replication checkpoints in yeast. 
The exact nature of their essential functions is unknown. 
Interestingly, ATM and Atm homologs of Mecl in human and 
mice respectively, also play dual roles. Mutations in ATM 
result in a recessive autosomal disease - ' ataxia- 
telangiectasia (AT) . Mitotic cells from AT patients and 
Atm- / - mice grow poorly, senesce prematurely and require 
more nutrients in vitro . The growth defect of the Atm -/- 
cells correlates with a failure to enter S phase efficiently 
and can be suppressed by deleting p53 or p21. The molecular 
basis for the cell growth function of ATM and Atm is not 
clear. Given the conservation between these proteins, 
investigating the mitotic growth function of Mecl in yeast 
may shed light on that of ATM and Atm. 

Rad53 is a nuclear-localized protein kinase, functioning 
downstream of Mecl in the chekpoint pathways. Overproducing 
RAD5 3 , DUN1 or TEL1 suppresses the lethality of meclz) . 
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suggesting that these genes may function downstream of MEC1 
or in redundant but minor pathways in cell growth. 



Herein is reported the identification and characterization 
5 of a mutation, smll , that permits cell growth in the absence 
of Mecl and Rad53 . Suppression of mecl lethality by ~£mll 
does not require the function of Rad53, Dunl or Tell. The 
SML1 gene encodes a novel protein with no known homolog in 
yeast or any other organism. We found that smll strains are 
10 more resistant to DNA-damaging agents. In addition, 
deletion of the SML1 gene suppresses the sensitivity of dunl 
mutants to DNA damage. It also affects mitochondrial 
^ biogenesis in an analogous manner to overexpressing the 

» s p large subunit of ribonucleotide* reductase (Rnrl) . Both two- 

g - 15 hybrid and co-immunoprecipitation experiments show that Smll 

K j» binds to Rnrl in vitro and in vivo. Furthermore, direct 

measurement of the dNTP pools reveals an increase in smllZ) 

m 

J[ t " strains. Based on these results, we propose that Smll 

n inhibits dNTP synthesis post -transcript ionally by binding 

2 0 directly to Rnrl and that Mecl and Rad53 are required to 
rpl relieve this inhibition at S phase. 

[1 . ' 

IT Example 3: DNA Damage, Repair and Recombination in S. 

cerevisiae 

25 DNA damage recognition often elicits a pause in the cell 
cycle, a response that is termed a checkpoint. Mutants of 
many of the genes that control these checkpoints are 
radiation sensitive. Two such genes are MEC1 and RAD53 . 
Both are required in all DNA damage and replication cell 

3 0 cycle checkpoint pathways in Gl, S and G2 phases to ensure 

correct transmission of the genetic material. In the face 
of DNA damage or DNA replication blockage, mecl and rad53 
mutants fail to arrest the progression of the cell cycle and 
fail to induce several DNA repair genes, including the 
35 ribonucleotide reductase genes (RNRs) . In addition to their 
involvement in checkpoint pathways, Mecl and Rad53 are both 
essential for cell growth. This property distinguishes them 
from the majority of other checkpoint genes, which are 



dispensable for cell growth. Although the terminal 
morphology of mecl and rad53 cells implies that they likely 
function in S phase, the exact nature of the essential 
functions of the Mecl and the Rad53 proteins is unknown. 

To understand the molecular basis of the essential functions 
of Mecl and Rad53 , we identified and characterized a 
mutation, smll , which permits cell growth in the absence of 
these two proteins. SML1 acts downstream of genes whose 
overexpression can suppress mecl deletions. In addition, 
smll affects various cellular processes in a manner similar 
to the overproduction of the large subunit of ribonucleotide 
reductase, RNR1 . These include an effect on mitochrondrial 
biogenesis, on the DNA damage response and on cell growth. 
An increase in Rnr transcription does not account for these 
effects. In vivo and in vitro experiments show that Smll 
binds to Rnrl . Thus, Smll inhibits dNTP' synthesis post - 
transcriptionally by binding directly to Rnrl and that Mecl 
and Rad53 are required to relieve this inhibition at S 
phase . 

Example 4: A novel protein is identified in yeast 

In a genetic study, a protein in yeast was identified that 
interacts by binding to the largest subunit of 
ribonucleotide reductase (Rnrl) . The binding causes 

negative regulation of RNR function and it is the only known 
protein to do so. The protein is encoded by a novel gene 
assigned the name YML058w by the yeast genomic project at 
Stanford (http : //genome-www. Stanford. edu/Saccharomyces/ ) . 
This protein has been named herein Smll. - The Smll protein 
is 104 amino acids long. 

The subunits of yeast RNR are closely related to those in 
humans, at the primary and secondary structure level. It is 
therefore likely that a human homologue of SML1 and Smll 
exists. Based on the biological property displayed by the 
yeast Smll protein, the human homologue can then be 
isolated. The yeast Smll protein genetically interacts with 
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Mecl, a homolog of ATM in humans. The ATM gene is mutated 
in individuals that have ataxia- telangiectasia, a cancer- 
prone syndrome. In addition, ATM mutations are among the 
most common heterozygous mutations in the population. Thus, 
5 the isolation of the human SML1 gene will help in the 
elucidation of the function of ATM and the potent ially JLead 
to new cancer and disease therapies. 



RNR is present in all cells and is the enzyme that converts 
10 NTPs to dNTPs . It regulates the pool size of precursors for 
both mitochondrial and nuclear DNA synthesis and its 
activity is required for cell division. In proliferating 
cancer cells, RNR activity is dramatically higher compared 

i: i to normal cells. This difference makes RNR a desireable 

vp 

r§ 15 target for cancer treatment. Several chemotherapeutic drugs 

f w £ including thiosemicarbazones , hydroxyurea, 2 , 3 -dihydro- 1H- 

pyrazole ' [2 , 3] -alimidazole (IMPY) and* several other 

i;P antitumor agents have been developed (Cory, J.G., et al . 

* m Adv. Enzyme Regul . 1985, 23:181-192; Matsumoto, M. et al . 

Q 20 Cancer Chemother. Pharmacol. 1990, 26:323-329; Carter, G.L. 

^ et al . Cancer Res. 1988, 48:5796-5799; Matsumoto, M. and 

III 

;pi Cory, J.G. Proc . Am. Assoc. Cancer Res. 1989, 30, A2431). 

13 Hydroxyurea is the most relevant clinically. However, these 

drugs do not only target cancer cells, they also generally 
2 5 are toxic to the body. 

One example of a new approach to the design of an anti- 
cancer drug is the use of peptides that can target cancerous 
tissue. In this approach, a small peptide that binds 

30 directly to cancer cells is identified. See Arap, W. et al . 
(1998) Cancer treatment by targeted drug delivery to tumor 
vasculature in a mouse model. Science 279:377-380 which is 
hereby incorporated by reference in its entirety into the 
present application. This allows exquisite targeting of 

35 cancer cells. By fusing this peptide to another specific 
peptide that could inactivate a cellular process, only the 
cancer cells are killed. This overcomes one of the major 
problems encountered by chemical drugs, namely thier 
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toxicity to normal growing cells. 

A Smll-like protein in humans could be used to design an 
inhibititor of RNR activity. The property of such an 
5 inhibitor- linked peptide drug would be to bind RNR and 
eliminate its activity. For this approach to be feasible, 
the size of these peptides should be as small as possible. 
Therefore, the small size of the Smll protein makes it a 
good candidate for further development. 

10 

In addition, insight gained about the protein interaction 
between Smll and Rnrl may lead to the design of new assays 
or methods to develop and identify compounds that act as 
inhibitors of disease-causing microorganisms. The present 
15 invention provides a novel protein useful for the 
development of assays to identify antimicrobial drugs and 
anti -cancer drugs as well as to identify similar proteins in 
other species. 

20 The present invention is useful for the following: (1) the 
Smll protein may be used in assays to identify effective 
anti -cancer peptide drugs which are able to target cancerous 
tissue; (2) Study of the Smll protein will aid in . a better 
understanding of ATM function, which is important since ATM 

25 mutations are among the most common heterozygous mutations 
in the population known to cause human cancer; (3) the 
present invention is also useful in that a strategy is 
provided to clone the SML1 gene from other species and from 
micro-organisms which may lead to novel assays to fight 

30 diseases caused by the corresponding micro-organism. 

The invention provides the understanding of a new layer of 
regulation of RNR that can be exploited in screening assays 
to identify novel nucleic acid constructs or other types of 
3 5 compounds that target this enzyme in order to inhibit RNR 
activity or to increase RNR activity. The present invention 
also provides an understanding of the essential function of 
MEC1 and RAD 5 3 to provide a model for how ATM works .in 



humans . 



Example 5: A suppressor of two essential checkpoint genes 
identifies a novel protein that negatively affects dNTP 
pools 

In Saccharomvces cerevisiae , MEC1 and RAD53 are essential 
for cell growth and checkpoint function. Their essential 
role in growth can be bypassed by deletion of a novel gene, 

SML1 , which functions after several genes whose 

overexpression also suppresses mecl inviability. In 
addition, smll affects various cellular processes analogous 
to overproducing the large subunit of ribonucleotide 
reductase, RNR1 . These include effects on mitochondrial 
biogenesis, on the DNA damage response and on cell growth. 
Consistent with these observations, the levels of dNTP pools 
in smll^ strains are increased compared to" wild-type. This 
effect is not due to an increase in RNR transcription. 
Finally, both in vivo and in vitro experiments show that 
Smll binds to Rnrl . We propose that Smll inhibits dNTP 
synthesis post- translationally by binding directly to Rnrl 
and that Mecl and Rad53 are required to relieve this 
inhibition. 

In the yeast Saccharomvces cerevisiae, the Mecl and Rad53 
proteins are involved in the Gl, S and G2 cell cycle 
checkpoint pathways (reviewed by Elledge, 1996) . In the 
presence of DNA damage or a DNA replication block (s) , these 
proteins are required to arrest or slow cell cycle 
progression. At the same time, they induce transcription of 
the genes encoding ribonucleotide reductase (RNR) , which 
catalyzes the rate-limiting step in dNTP synthesis that is 
necessary for replication and repair (reviewed by Reichard, 
1988) . In addition to their involvement in checkpoint 
pathways, Mecl and Rad53 are both essential for cell growth 
(Zheng et al . , 1993; Kato and Ogawa, 1994). This property 
distinguishes them from most other checkpoint genes, which 
are dispensable for growth. 



Two observations suggest that Rad53 acts after Mecl for both 
checkpoint and essential functions. First, the 
phosphorylation of Rad53 in response to DNA damage is absent 
in a mecl mutant (Sanchez et al 1996; Sun et al . , 1996). 
Second, overproduction of Rad53 suppresses mecl lethality 
and partially suppresses its hydroxyurea sensitivity 
(Sanchez et al . , 1996). Since both proteins function as 
signal transducers in a common checkpoint pathway, they may 
play a similar role in the regulation of mitotic cell 
growth. However, the exact nature of their essential 
functions is not known and whether their checkpoint and cell 
growth functions overlap is still an open question. 

Mecl is a member of the PI3-kinase family, composed of 
proteins that have PI kinase or protein kinase activity 
(reviewed by Zakian, 1995; Shiloh, 1997) . Interestingly, ATM 
and Atm, homologs of Mecl in human and mice respectively, 
also play dual roles in cell growth and cell cycle 
checkpoint function (reviewed by Friedberg, 1995; Shiloh, 
1997) . Mutations in the ATM gene result in a recessive 
autosomal disease, ataxia telangiectasia (AT) , a multi- 
system disorder associated with a high risk of cancer. 
Mitotic cells from AT patients grow poorly, senesce 
prematurely and exhibit a higher nutrient requirement in 
vitro. In addition, these cells are checkpoint deficient 
since they are sensitive to ionizing radiation and display 
radioresistant DNA synthesis. The phenotype of Atm - deficient 
mice mimics that of AT patients, and fibroblasts from these 
mice exhibit growth defects and radioresistant DNA synthesis 
similar to that observed in AT cells (Barlow et al . , 1996; 
Xu et al . , 1996; Xu and Baltimore, 1996; Elson et al . , 
1996) . The growth defect of the Atm-def icient cells 
correlates with a failure to enter S phase efficiently and 
can be suppressed by deletion of either the p53 or p21 gene 
(Xu and Baltimore, 1996; Westphal et al . , 1997; Wang et al . , 
1997b) . The molecular basis for the cell growth functions of 

ATM and Atm is not clear. Given the conservation between 

Mecl and these two proteins, an investigation of the role of 



Mecl in mitotic growth may shed light on the cell growth 
functions of ATM_and Attn. 

To understand the essential functions of Mecl and Rad53, we 
identified and characterized, a mutation, smll , which allows 
cell growth in the absence of Mecl_and_Rad53_jproteins . _Smll 
acts after Dunl and Tell (overexpression of either also 
rescues mecl lethality; Nasr et al . , 1994; Morrow et al . , 
1995; Sanchez et al . # 1996). Several aspects of the 
phenotype of strains with a disrupted SML1 gene can be 
mimicked by overexpressing the large subunit of 
ribonucleotide reductase (Rnrl) . This suggests that Smll 
negatively affects dNTP synthesis, an essential process that 
is tightly regulated at multiple levels during the cell 
cycle and in response to DNA damage. Furthermore, we found 
that Smll binds to Rnrl suggesting that it exerts its effect 
through inhibitory binding to Rnrl. Based" on our results, 
one possible explanation for the essential functions of Mecl 
and Rad53 is that they are required to remove the inhibitory 
effect of Smll on dNTP synthesis during S phase to 
facilitate DNA replication. 

Results 

The identification of smll-1 in mecl- 1 strains 

During a genetic analysis of a mecl - 1 strain, we found that 
one quarter of the spores are inviable (Table 1) . This is 
true when the strains were crossed into various genetic 
backgrounds including W303, SKI, S288C and A364a (the 
parental strain of the original mecl- 1 ' isolate) . In all 
cases, most of the MEC1 spores are viable (89% - 96%) , 
however only half of the mecl-1 spores are able to form 
colonies (Table 1) . The simplest interpretation is that a 
suppressor mutation is segregating in these crosses and that 
the mecl-1 spores are viable only in the presence of this 
unlinked mutation. Similar observations consistent with 
this view have been reported in . the A3 64a background 
(Paulovich et al . , 1997). 



Next, we identified wild- type MEC1 segregants that contain 
the suppressor and crossed them to mecl-1 viable spores. 
Genetic analysis showed that all of the mecl-1 spores from 
these diploids_are viable, confirming that the suppressor 
maps to a single locus. Finally, a plasmid containing the 
MEC1 gene fully suppresses mecl-1 lethality, indicating that 
the inviability of mecl-1 is caused by mutation of the MEC1 
gene and not any other linked essential genes. We conclude 
that mecl-1 is viable only in the presence of an unlinked 
suppressor. We named the suppressor smll-1 , for suppressor 
°f mecl l ethality. 

Cloning SML1 

Before cloning the SML1 gene, we determined that the smll 
mutation was recessive (see Experimental Procedures) . Based 
on this result, we developed a cloning scheme employing a 
red/white sectored colony method (Figure 1A) . Briefly, we 
constructed an indicator strain by introducing a plasmid 
containing APE 3 and MEC1 into a white ade2a ade3zi mecl - 1 
sml 1-1 strain. This plasmid confers red color to the colony 
by providing the Ade3 protein in trans (Roman, 1956) . Cells 
growing in the absence of selection for this plasmid form 
red/white sectored colonies as the plasmid is not needed for 
viability and is lost at a high rate, (10" 2 -10" 3 , Koshland, 
1985) . We expected that introduction of a SML1 -complementing 
plasmid would result in solid red colonies since the 
resident ADE3 - MEC1 plasmid would now become indispensable 
for cell growth. After transformation with a CEN-LEU2 
plasmid-based genomic library into the indicator strain, 
candidate clones were identified as solid red colonies on 
leucine-less medium and false positives were discarded after 
the secondary screen described in Experimental Procedures. 

Two plasmids containing the identical 9 kb insert were 
identified after the screen. A genetic analysis showed that 
the cloned region and SML1 are tightly linked (see 
Experimental Procedures) . Sequence analysis revealed that 
the insert contains two full length ORFs : YML059C and 
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YML058W, and most of the CMP2 gene on chromosome XIII 
(Cherry et al . , 1997). Plasmids deleted for most of the CMP2 
and YML059C genes can still complement a sml 1-1 mutation. 
However, a YML058W-disrupted plasmid fails to complement 
5 smll-1 strains (Figure IB) , indicating that the YML058W ORF 
is the SML1 gene. This ORF is capable of encoding a novel, 
104 amino acid long protein (Figure 1C) and no other 
homologs of Smll have been identified thus far. 

10 smll Mutations rescue mecl lethality, but not DNA damage 
sensitivity 

DNA sequence analysis revealed a 290 bp deletion in smll - 1 
strains upstream of the SML1 ORF. This deletion lies 
between two 11 bp direct repeats in the promoter region and 
s;i 15 includes the hypothetical consensus TATA box of SML1 (Figure 

|S J 1C) . No alteration of the ORF region in smll-1 mutant 

;p strains was detected. Next, we generated a null allele by 

^ replacing the SML1 ORF with a HIS3 marker. Like smll-1 

strains, the sml la does not exhibit a growth defect. Both 
20 alleles completely rescue the lethality of mecl - 1 or mecla 
strains (Figure 2A) . Thus, it is likely that the loss of the 
Ply TATA box in sml 1-1 creates a null allele since its phenotype 

is indistinguishable from that of a complete deletion of the 
SML1 ORF. 

25 

We examined the effect of smll-1 and sml la on. DNA damage 
sensitivity in both mecla and mecl - 1 strains. We found that 
all four strains show similar sensitivities to hydroxyurea 
(HU) , ultraviolet light (UV) and methyl methanesulf onate 
30 (MMS) , while both smll-1 and sml la strains on their own are 
not sensitive to these agents (described below) . In 
addition, smlla does not rescue the DNA damage sensitivity 
of mecl -3 and mecl -8 , two mutant strains that do not require 
smll for viability. Thus, smll mutations do not rescue the 
3 5 DNA damage sensitivity of mecl strains, although they do 
rescue mecl inviability. 



Interactions between SML1 , RAD53 # TEL1 and DUN1 



Overexpression of any one of three genes, RAD53 , TEL1 and 
DUN1 can suppress the lethality of meclza (Nasr et al . , 1994; 
Morrow et al . , 1995; Sanchez et al . , 1996). We tested 
whether smll suppression of mecl is dependent on the product 
of any of these genes by examining the viability of mecl 
smll strains in the absence of each gene. We found that roecl^a 
smll 4 dun 1a and mecla smll^ tella strains are viable (Figure 
2B & 2C) . The mecl^i smll^ dunl^ triple mutants grow as well 
as wild- type and smll^ dunl^ double mutants, while mecla 
smllzi tell^ triple mutants grow more slowly than both wild- 
type and smll^ tell^ strains. This indicates that smll 
suppression does not depend on the function of either Dunl 
or Tell. However the slow growth of mecl^ smll^ tell^ triple 
mutants shows that Tell is important for the growth of mecl 
smll strains. A synergistic effect of Mecl and Tell on cell 
growth has also been observed in another genetic background 
(Morrow et al . , 1995) and may indicate a functional 
redundancy between these two proteins. 

At first, it appeared that a similar set ' of genetic 
experiments could not be performed on a rad53a strain, since 
it is inviable. However, we found that rad53^i smll and 
rad53/i mecl^ smll strains are viable and that they both grow 
more slowly than wild-type and mecl^ smlla double mutants 
(Figure 2D). Thus, loss of Smll not only makes Mecl 
dispensable for cell growth, but also rescues the lethality 
of rad53^ strains. This also demonstrates that smll 
suppression of mecl is not dependent on the activity of 
Rad53 . Finally, as is the case for mecl , the suppression of 
rad53^3 by smll does not require Dunl or Tell (data not 
shown) . 

Deletion of SML1 differentially affects mecU and rad53a 
strains as judged by the growth of the double mutants 
(Figure 2A & D) . This implies that Mecl and Rad53 may have 
some non- over lapping roles during cell growth. Although 
overexpression of Rad53 rescues mecl lethality (Nasr et al . , 
1994), we found that the converse is not true (see 



-35- 

Experimental Procedures) . Furthermore, our results show that 
rad53 is epistatic to mecl since rad53za mecl^ smll strains 
grow like rad53zi smll mutants and not like mecl smll mutants. 
Taken together, these results indicate that Rad53 likely 
acts after Mecl for its role in growth and that it may have 
an additional function (s) independent of Mecl. - 

Smll affects mitochondrial propagation 

In addition to its interaction with mecl and rad53 , the only 
noticeable phenotype of smll strains is a decrease in the 
frequency of petite formation. In yeast, petite colonies are 
formed by cells that do not contain functional mitochondria 
and cannot grow on a non- fermentable carbon source. In our 
W3 03 genetic background, peti-tes are easily identified as 
slow-growing white colonies (Figure 3A) . We found that the 
frequency of petite formation in smll^ strains is 2.3-fold 
lower than that of wild-type strains. In contrast, 
expression of an extra copy of SML1 causes a 3.5-fold higher 
frequency (Figure 3B) . Thus, the frequency of petite 
formation is positively correlated with the copy number of 
the SML1 gene . 

These observations are reminiscent of the effect on petite 
formation by different levels of RNR expression. For 
example, petite cells arise more frequently when RNR genes 
are mutated (Elledge and Davis, 1987; Wang et al . , 1997a). 
This resembles the situation when the SML1 gene is 
overproduced. In addition, a mutation in the mitochondrial 
DNA polymerase gene, mipl-1 , causes an increased frequency 
of petite formation that can be suppressed by overexpression 
of RNR1 (Lecrenier and Foury, 1995) . We tested whether smlla 
has the same effect on mipl- 1 mutations, which fail to grow 
on non- fermentable carbon sources at 37°C since all cells 
become petite (Lecrenier and Foury, 1995) . As shown in 
Figure 3C, smll^a mipl-1 cells grow well on YPGlycerol medium 
at 37°C, indicating that smll^ has the same effect as 
overexpression of RNR1 . 



Furthermore, during the course of these studies, we learned 
that overproduction of RNR1 can- suppress the lethality of 
mecl and rad5 3 deletions. We confirmed this result in our 
strain background. Thus, deletion of SML1 has the same 
effect on two different processes, mitochondrial replication 
and mecl / rad53 viability, as does overexpression of RNR1 . 
Since RNR genes are the key regulators of dNTP synthesis 
(reviewed by Reichard, 1988) , these observations raise the 
possibility that dNTP pool size may be negatively affected 
by SML1 . 

Increased_resistance to DNA damage is conferred by the smll 
deletion. 

To test further the hypothesis that Smll negatively affects 
dNTP levels, we examined its effect on DNA damage repair. 
Although an independent process from mitochondria 
biogenesis, DNA damage repair also requires sufficient dNTP 
pools, since defective alleles of the RNR genes cause DNA 
damage sensitivity (reviewed by Reichard, 1988; Elledge et 
al . , 1992). Interestingly, smll^a strains are more resistant 
to HU and MMS than wild-type strains (Figure 4A) . On the 
other hand, duplication of the SML1 gene results in a 
greater sensitivity to these DNA damaging agents (Figure 
4A) . These results are consistent with the hypothesis that 
dNTP levels are elevated in smlla strains and decreased in 
SML1 -duplication strains. However, we cannot rule out the 
possibility that some other step(s) of the DNA damage repair 
pathway (s) may also be affected leading to a similar 
phenotype . 

To delineate which step(s) Smll may affect, we tested 
whether a smll^ can suppress the DNA damage sensitivity of 
dunl/i strains. After DNA damage, such strains are defective 

in transcriptional upregulation of the RNR genes but not 

other DNA damage- inducible genes (Zhou and Elledge, 1993) . 
Moreover, we found that overexpression of RNR1 in dunl,d 
strains rescues UV and MMS sensitivity (data not shown) , 
suggesting that their DNA damage sensitivity is most likely 
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. caused by lower levels of RNR activity. Figure 4B shows that 
smlla dunl^ strains exhibit wild- type levels of resistance to 
UV (120 J/m 2 ) , HU (50 mM) and MMS (0.05%). Thus, smlla 
rescues the DNA damage sensitivity of dunl^ strains for a 
5 broad spectrum of damage, consistent with the notion that 
dNTP levels are elevated in smll strains. 

smll^ strains exhibit increased levels of dNTPs without 
altering transcription of the RNR genes. 

10 Based on the genetic evidence described above, it is likely 
that smllzi affects the size of the dNTP pools. To explore 
this possibility, we directly measured the dNTP levels in 
smll^ strains. Cultures of wild-type and smll^ strains were 
grown and treated in parallel (see Experimental Procedures) . 

15 The levels of dNTPs were quant itated by analytical reverse 
phase HPLC. As shown in Figures 5A & 5B, the levels of dCTP, 
dTTP, dGTP and dATP are all increased approximately 2. 5- fold 
in smllzi strains. This difference may account for the 
mitochondrial and DNA damage phenotype of smll mutants. 

20 

It is ' well -known that the RNR genes in S. cerevisiae are 
under transcriptional regulation.- Transcription of RNR1 and 
RNR2 is induced at S phase and the transcription of all four 
RNR genes is induced after DNA damage (reviewed by Elledge 

25 et al. f 1992; Wang et *al . , 1997a; Huang and Elledge, 1997). 
Thus, it is possible that the change in the size of the dNTP 
pools observed in smlla strains is due to increased 
transcription. However, quantitation of the steady-state 
messenger RNA levels of all four RNR genes revealed no 

3 0 differences between wild- type, smll^a and niecl^ smll^ strains 
(Figure 5C) . Furthermore, in both dunlzi and smll^a dunl^ 
strains, induction of RNR mRNA after HU and MMS damage is 
equally defective, while it is normal in smlla strains 
(Figure 5D) . Thus, the restoration of the DNA damage 

35 response in dunl^ strains by smll mutation is not due to 
increased transcription of RNR genes. 



Interactions among Smll, Rnrl and Rnr2 
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We next tested the possibility that Smll interacts with the 
subunit (s) of RNR since such interactions may provide a 
regulatory mechanism to inhibit RNR activity. The yeast two- 
hybrid system was used and all fusion proteins, except GBD- 
Smll, which shows partial complementation, were found to 
complement their respective defective alleles. We showed 
that Smll interacts with Rnrl but not with Rnr2_in either 
orientation (Table 2) . In addition, Rnrl and Rnr2 each 
interacts with itself, however these interactions are much 
weaker than the interaction between Smll and Rnrl (Table. 2) 

We confirmed the interaction between Smll and Rnrl 
biochemically by co- immunoprecipitation . SML1 and RNR1 were 
fused to a hemagglutinin tag (HA-Smll) and to a glutathione- 
s-transferase tag (GST -Rnrl ) , respectively. Both fusions 
were introduced into yeast cells under the control of GAL 
promoters and were able to complement their respective 
defective alleles. Figure 6 shows that Smll and Rnrl 
interact since they co-immunoprecipitate with anti-HA 
antibody (lane 1) . Similarly, both proteins co-precipitate 
with glutathione beads (lane 3) . This evidence confirms the 
two -hybrid results and supports the notion that Smll binds 
to Rnrl in vivo . 

Discussion 

Here we show that a recessive suppressor smll can bypass the 
essential functions of two DNA damage and replication 
checkpoint genes, MEC1 and RAD53 . Genetic studies also 
reveal that smll suppression does not require DUN1 , TSL1 and 
RAD53, three genes whose overexpression can suppress mecl 
lethality. One clue to the biological function of the SML1 
gene product came from the observation that deletion of SML1 
leads to a decreased frequency of petite formation while an 
extra copy causes an opposite effect (see Figure 3) . The 
effect of Smll on both cell growth and mitochondrial 
maintenance suggests that it may be involved in a basic 
biological process. One obvious candidate is the regulation 
of dNTP pools, since both nuclear and mitochondrial DNA 
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syntheses in yeast use the same pools generated by de novo 
synthesis (reviewed by Reichard, 1988) . The fact that mipl-1 
strains are rescued by deletion of SML1 or by overexpression 
of RNR1 , suggests that Smll may have a negative effect on 
5 dNTP pools. We tested this proposal by examining another 
cellular process that is also sensitive to dNTP levels, 
namely the DNA damage response. Interestingly, deletion of 
SML1 not only confers higher resistance to DNA damage but 
also rescues the DNA damage sensitivity of dun la strains, 
10 which are defective in the induction of RNR gene 
transcription. Both of these observations are consistent 
with the idea that smll mutants have increased dNTP pools. 
Indeed, the direct measurement of the pools sizes in a smll 
mutant revealed that the levels of all four 
illjj 15 deoxyribonucleotides are higher than that observed in wild- 

type cells. The target for altering dNTP pool size is not at 
the level of RNR transcription since wild- type levels of RNR 
ill?! mRNA are observed in smll mutants both during normal growth 

and after DNA damage. Finally, the physical interaction 
q 20 between Smll and Rnrl, as revealed by two-hybrid and co- 

Uii immunoprecipitation experiments, combined with the genetic 

j.^ evidence suggests a novel form of RNR regulation. We propose 

p that the Smll protein modulates RNR activity by inhibiting 

^ either the formation of the RNR complex or its enzymatic 

25 activity directly. 

A model for the regulation of RNR activity at the protein 
level 

Ribonucleotide reductase is one of the key enzymatic 
3 0 activities required for DNA replication and repair since it 
provides the dNTP pools necessary for DNA synthesis 
(reviewed by Reichard, 1988) . As an essential participant in 
this process, RNR is regulated at multiple levels to achieve 
balance in the dNTP pools as well as to vary those pools 
35 under changing conditions. The most well-studied mechanism 
for regulating RNR activity is allosteric regulation, which 
moderates overall RNR activity as well as its substrate 
specificity. This regulation is achieved through effector 



binding at sites located in the large subunit. An unchecked 
imbalance in the dNTP pools can cause a decrease in the 
fidelity of DNA synthesis or, in extreme cases, can cause 
lethality via depletion of dNTP levels through allosteric 
inhibition (reviewed by Reichard, 1988) . In addition, the 
activity of RNR has been reported to peak during S phase- and 
increase after DNA damage (reviewed by Elledge et al . , 
1993) . This fluctuation may be at least partially due to 
transcriptional regulation, which has been observed in both 
yeast and higher organisms. However, in yeast, it has not 
been directly demonstrated whether the change in 
transcription levels is coupled to a concurrent fluctuation 
in protein levels. 

The results of the work presented here suggest an. entirely 
new mode of RNR regulation via control of an inhibitory 
interaction. We propose that Smll binds Rnrl to inhibit its 
activity when DNA synthesis is not required. During S phase 
or after DNA damage, a signal is transmitted to relieve the 
Smll inhibition of Rnrl. Such post-translational regulation 
can be achieved in the absence of protein synthesis 
resulting in a more rapid change in RNR activity than that 
afforded by transcriptional regulation. Therefore, the large, 
subunit of RNR may be the target of three types of 
regulation: allosteric, transcriptional and Sml 1 -mediated 
negative control. By combining these three layers of 
regulation, the cell can appropriately modulate RNR activity 
during the cell cycle as well as rapidly respond to any 
external environmental changes. Consistent with its 
regulatory roles, the Rnrl protein has been shown to be 
limiting for RNR activity in yeast extracts (Wang et al . , 
1997a) . 

What are the essential function (s) of Mecl and Rad53? 

In the absence of Smll, Mecl is no longer essential for cell 
viability. Based on the evidence presented here, we devise 
a simple model shown in Figure 7 and propose that Mecl 
functions normally to remove the inhibitory effect of Smll 
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on RNR during S phase by acting on the complex. This form of 
regulation may also be utilized during the repair of DNA 
damage, .which also requires increased RNR activity. The role 
of MEC1 in nucleotide pool regulation is consistent with the 
5 observation that overexpression of Rnrl suppresses the 
lethality of mecla , . The model also predicts that mecl mutant 
cells have decreased dNTP pools, which may result in 
defective replication for both chromosomal and mitochondrial 
DNA. This explanation accounts for the lethality of mecl 
10 null mutations and also for the increased frequency of 
petite formation exhibited in mecl -3 mutants, which is 
suppressed by mutation of SML1 (unpublished results) . 
Alternatively, smll suppression may be indirect. For 
ls 'f example, Mecl may modulate the activity of some' other 

jig 15 component (s) of the DNA replication machinery, such as DNA 

polymerase, to increase its specificity towards dNTPs so 
Jlp that DNA replication occurs at a relatively low level of 

CP dNTPs. In this second model, loss of Smll upregulates RNR 

**** providing increased dNTP pools to make the Mecl modulation 

r»j 20 unnecessary. We favor the first model since .it ties the 

UiLP regulation of RNR during S phase or after DNA damage to a 

j.p single pathway. On the other hand, the second model is 

p indirect and more complicated as an additional pathway must 

be hypothesized to regulate the Smll-Rnrl interaction. 

25 

For its essential function, RAD5 3 is in the same pathway as 
MEC1 as indicated by the observation that its overexpression 
can suppress mecl^ lethality (Sanchez et al., 1996). The data 
presented here support this hypothesis. We found that the 
30 lethality of rad53a is suppressed by loss of Smll function 
and that rad53 is epistatic to mecl . Moreover, 
overexpression of Mecl is unable to rescue rad53 lethality 
further indicating that MEC1 lies upstream of RAD53 . 

35 Several lines of evidence support the notion that Mecl and 
Rad53 are part of a kinase cascade that operates during the 
cell cycle. First, Mecl is a protein kinase homolog 
(reviewed by Zakian, 1995; Bentley et al . , 1996; Keegan et 
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al . , 1996). Second, the Rad53 essential function requires 
kinase activity, since a point mutation that abolishes this 
activity results in inviability (Allen et al . , 1994; Fay et 
al . , 1997). Finally, over express ion of a kinase active 
5 allele of Dunl, but not a catalytically defective allele, 
can rescue mecl lethality (Sanchez et al . , 1996). _ The 
Smll/Rnrl interaction may be a potential target of this 
cascade. For example, modulation of this interaction can be 
achieved by the phosphorylation of either Smll or the RNR 
10 subunits allowing the cell to rapidly regulate RNR activity 
during different phases of the cell cycle and/or in response 
to DNA damage . 

^ Finally, the evolutionary conservation of the RNR enzymes 

ijg 15 and Mecl homologs raises the possibility that a mechanism 

I s '* similar to the one described here is operating in other 

organisms. At first glance, this hypothesis is contradicted 
i;!0 by the fact that ATM/ At m are not essential in mammalian 

{tm cells. This difference may be due to the way dNTP synthesis 

q 20 occurs in yeast versus mammals. In yeast, dNTP is 

^ synthesized only via the de novo pathway employing the RNR 

L-g enzyme. In mammal cells, dNTPs synthesis can also occur 

□ through a "salvage pathway," which utilizes both 

ribonucleosides and deoxyribonucleosides from the 
25 environment (reviewed by Reichard, 1988) . In cells lacking 
ATM/Atm, the salvage pathway is possibly the only source for 
dNTPs, which may result in decreased dNTP pools and 
defective cell growth. This proposal is consistent with the 
observation that AT patients and Atm-/- mice exhibit growth 
30 retardation, which correlates with a defect in cellular 
proliferation and a failure to enter S phase efficiently 
(Barlow et al . , 1996; Xu et al . , 1996; Xu and Baltimore, 
1996; reviewed by Shiloh, 1997) . A test of this model is to 
measure RNR activity and dNTP pool sizes directly in these 
35 cell lines. 



Experimental. Procedures 
Strain, Plasmids and Media 
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S . cerevisiae strains are listed in Table 3. Yeast medium 
were prepared essentially as described by Adams et al . 
(1997) . HU was added to YPD medium to final concentrations 
ranging from 10 mM to 500 mM. MMS was added to YPD medium to 
5 final concentrations ranging ■ from 0.005% to 0.05%. 5-fluoro- 
orotic acid (5-FOA) was added to synthetic complete (SO or 
synthetic leucine-less medium (SC-LEU) at 750 mg/ml (Boeke 
et al . , 1984) . 

10 Cloning of SML1 

To test whether smll-1 is dominant or recessive, diploid 
yeast strains homozygous for mecl-1 (mecl-l / mecl-1) , 
heterozygous for smll ( smll-1 / SMLl ) and containing MEC1 on 
a plasmid (pRS416-MECl , a CEN-MEC1 -URA3 p lasmid) were 

15 generated as follows. Several mecl-1 {pRS416- MECl } strains, 
which were characterized by their inability to grow on SC 5- 
FOA medium, were obtained after dissecting mecl-l / MECl smll - 
1/ SML1 hetero zygous diploids that contained this plasmid. 
They were next mated with mecl-1 smll-1 strains. Cells from 

20 these diploids fail to grow on SC 5-FOA medium since they 
cannot lose the MEC1 -containing plasmid indicating that 
smll-1 is recessive. 

To clone SML1 , we used the red/white sectored colony assay 
25 described in the text (Koshland, 1985) . The indicator strain 
U940 contains plasmid pC87 ( CEN - ADE3 -MEC1 -URA3 ) . A CEN-LEU2 
plasmid-based genomic library was used. Four solid red color 
colonies were recovered and streak-purified on SC-LEU 5-FOA 
medium as a secondary screen to eliminate false positives. 
3 0 Plasmids from the two colonies that failed to grow on SC-LEU 
5-FOA plates were recovered and one was named pWJ739. 

Restriction enzyme digestion and DNA sequence analysis of 
the ends of the insert revealed that pWJ73 9 contains a DNA 
35 sequence encompassing ORFs YML059C, YML058W and most of the 
CMP 2 gene of chromosome XIII (Cherry et al . , 1997). Three 
deletion plasmids were constructed and tested for their 
ability to complement smll-1 (Figure IB) . In plasmid pWJ661, 
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a 6.7 kb Hindlll - SacII fragment is deleted to remove 
YML059C. In pWJ664, a 1.6 kb SnaBI-Pmll fragment is further 
deleted so that both YML*059C and CMP2 are removed. In 
pWJ6 65, a 1.6 kb Ncol-Ncol fragment is deleted from pWJ6 61 
5 so that YML085W is also removed. 

A 1.7 kb Sphl-Sall fragment containing SML1 and part of CMP2 
was cloned into YIp5 (Struhl et al . , 1979) to construct 
pWJ660. pWJ660 was linearized at its Spel restriction site 

10 and transformed into a wild type strain. Homologous 
insertion of this fragment into the SML1 locus marks it with 
URA3 and simultaneously causes a duplication of SML1 . The 
resulting strain (U946) was crossed to a mecl-1 smll-1 
strain and no URA3 mecl-1 spores were recovered from 54 

15 tetrads dissected. 

Genetic Analyses 

To follow the sml 1-1 allele in genetic crosses, yeast colony 
PCR reactions were carried out (Adams et al . , 1997). Using 

2 0 primer pair A and C (Table 4 A, the wild- type and the sml 1-1 

alleles give rise to 570 lVp and 280 bp PCR ' products , 
respectively. \ 

To test whether overproduction of Mecl rescues rad53 
25 lethality, a GAL-MECl\ plasmid (pWJ701) was constructed. The 
native promoter of MEpl on pRS416-MECl was replaced with a 
GAL1 - 10 promoter fradment (generated from a PCR reaction 
using primer pair p4i6-GAL 5' and MEC1-GAL 3\ Table 4) 
through_in vivo DNA recombination (Ma et al . , 1987). This 

3 0 plasmid was then transformed into rad53^/RAD53 sml 1 - 1 /SML1 

heterozygous diploids. After dissection of 66 total tetrads 
from six different transf ormants , no rad53^ {pGAL-MECl} 
spores were recovered on galactose -inducing medium. However, 
in the same dissections, \the pRS4 16 -MEC1 plasmid segregated 
3 5 into RAD 5 3 or rad53 sml A spores normally. Moreover, in a 
separate experiment , rad53a strains cannot lose a CEN-RAD53 
plasmid (pWJ67 6) even when MEC1 is overexpressed. 
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All SML1 constructs Were tested for functional 
complementation using the\ same red/white sector system 
described above for identifying the SML1 clone. Partial 
complementation is designated when small white sectors were 
5 observed. \ 

Gene Disruptions 

Gene disruptions for \SML1 and DUN1 were performed as 
described by Baudin et a 1 . (1993). Forty-five base pairs of 

10 homology adjacent to eadh ORF was added to HIS3 and URA3 
selectable markers, respectively, by PCR with the primers 
listed in Table 4 (SML1-H3^S3 5 1 & SML1-HIS3 3' and dunld 5* & 
dunld 3 f ) . MEC1 was disrupted in diploids using a fragment 
that contains the 800 bp\ TRP1 marker (from pUC18-TRPl) 

15 replacing the sequence from 98 bp to 7764 bp (BamHI -SacII) 
of the MEC1 ORF (RothsteinA 1983) . RAD53 was disrupted by 
transforming the EcoRI fragment containing rad53zi: :HIS3 
(Zheng et al . , 1993). All disruptions were confirmed by 
genomic blots and genetic anaYysis. 

20 V 

Measurement of the Frequency of Petite Formation 
Strains were streaked on YPGlycerol plates to eliminate 
petite cells. Single colonies were next inoculated into YPD 
liquid medium at a starting concentration of 1.4 X 10 5 

25 cells/ml and cultured for approximately 7 generations. 
Appropriate dilutions of cells were plated on YPD plates and 
incubated at 30°C for three days. The frequency of petite 
formation was calculated after replicating to YPGlycerol 
medium- At least five independent strains for each genotype 

30 were analyzed and 1000-2000 colonies were plated for each 
trial. The mean frequency and standard deviation were 
calculated and plotted in Figure 3B. The differences in the 
frequency of petite formation between wild type and smll^ , 
or wild type and SML1 -duplication strains are statistically 

35 significant (P= 0.0023 and 0.001, respectively). 



Measurement of UV, HU and MMS sensitivity 

Mid-log phase cultures were sonicated and counted. Ten- fold 
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dilutions from 10 5 - 10 cells were spotted on YPD plates and 
on YPD plates containing HU (10 mM - 500 mM) or MMS (0.0 05%- 
0.1%) . One set of YPD plates was irradiated by UV light at 
120 J/m 2 . Plates were next incubated at 30°C for three days. 
5 For each genotype tested, at least two independent strains 
were assayed twice. 

Measurement of deoxyribonucleotides 

Procedures for the extraction and purification . of 
10 deoxyribonucleotides were based on the protocols of Muller, 
E.G.D. (Muller, 1994) except for the following changes. 
Cultures were harvested by rapid filtration onto a 47 mm GH 
Polypro membranes (0.45 jM, Gelman Sciences) . Only the first 
7 fractions of the deoxyribonucleot ide peak off of the 
l5 15 boronate column (0.7 x 13.5) were collected. Based on the 

i'* chromatography of standards, these 7 fractions contained 90% 

'**p of the deoxyribonucleotides and >90% of the ribonucleotides 

were removed . 

2 0 Separation of the deoxyribonucleotides was performed by 
reversed phase HPLC. HPLC was performed with a Waters 717 
J.jjj plus autosampler at 4'C, a Symmetry C18 (4.6 x 250 mm) 

p column and the 996 photodiode array detector. Automation and 

data analysis was done with the Waters Millennium software. 
25 The preparation of buffers and run conditions were as 
described (Cross et al . , 1993). The photodiode array 
detector collected data from 230 nm to 300 nm at a rate of 
1 spectrum/sec and a resolution of 3.6 nm. The elution 
profile was monitored at 2 54 nm. 

30 

The extracts were resolved into 45 peaks with elution times 
from 3.6 to 46 min. The identification of the dATP, dCTP, 
dTTP and dGTP peaks in the samples were established by three 
criteria: 1) a 230- 300 nm spectrum that matched standards, 
35 2) an elution time that was within 0- 4% of the standards 
and 3) the coelution of the peak with standards that were 
added to the sample. Calibration curves were created using 
the Millennium software with peak areas. Standards at 100 mM 
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were supplied from BOEHRINGER MANNHEIM®. 
RNA Analysis 

Cultures were grown in YPD liquid to OD 600 = 0.5 at 30 °C. 
5 Total RNA was prepared, separated on a formaldehyde 1.5% 
agarose gel and blotted to Hybond™-N+ membrane according to 
the directions of the manufacturer (Amersham) . The RNA blots 
were probed sequentially with 32 P-labeled 800 bp Hindlll 
fragment of RNR1 (from plasmid pSE738; Elledge and Davis, 

10 1989), 900 bp Hindi 1 1 fragment of RNR2 (from plasmid pSE310; 
Elledge and Davis, 1987), 1.1 kb BamHI -EcoRI fragment of 
RNR3 (from plasmid pSE734; Elledge and Davis, 1989), a 1.2 
kb PGR fragment of the RNR4 ORF or a 500 bp EcoRI -Hindi I I 
actin fragment. The actin probe was used as an RNA loading 

15 control. Cells were exposed to the DNA damaging agents HU 
(150 mM) and MMS (0.015%) for 3 hours before extraction as 
described above. 

Two -hybrid assay . 

20 The strains and plasmids nor two-hybrid analysis were PJ69- 
4A, pGBD-C2, pGAD-C2 (James et al . , 1996) and pACTII 
(CLONTECH® Inc.). The primer pair pB-SMLl 5' and pGBD-SMLl 3' 
(Table 4) was used to amplify the SML1 ORF. After digestion 
with BamHI and PstI, this ffCR product was cloned into the 

25 BamHI-PstI sites of pGBD-C2 to construct plasmid pWJ728. 
Similarly, plasmid pWJ684 contains a BamHI fragment from the 
PCR product of the SML1 ORF generated using the primer pair 
pB-SMLl 5' and pB-SMLl 3' (Tablet 4) and inserted at the BamHI 
site of pACTII. PCR fragments containing the RNR1 or the 

3 0 RNR2 ORF were generated by primfer pairs RNR1-ORF 5* and RNR1 
3* or RNR2-ORF 5' and RNR2 3* (Table 4) . These fragments were 
cloned into the BamHI -PstI sitd of pGBD-C2 and pGAD-C2 to 
construct pWJ731 and pWJ74 5\ or pWJ72 9 and pWJ74 6 
respectively. \ 

35 

The GAL1 -HIS3 reporter was assayed on SC-HIS-LEU-TRP medium 
plus 1-2 mM 3-aminotriazole . The GAL.2-ADE2 reporter was 
assayed on SC-ADE-LEU-TRP medium. Weaker interactions 
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( recorded as + /- in Table 2) do not permit growth on this 
medium, however they can give rise to white/red sectored 
colonies on YPD medium. 

5 Co- ixnmunoprecipitation and Western Blot Analysis 

The GST-Rnrl fusion pla\smid, pWJ744, was generated by 

inserting a BamHI-Sall fragment from the PCR product of the 
RNR1 ORF generated using Arimers RNRl-5' + 0 and RNR1 . 3* far 
into the BamHI-Sall sites\ of pEG(KT) (Mitchell et al . , 

10 1993) . The SML1 ORF was amplified using primer pYX-SMLl 5' 
and pB-SMLl 3' and the BamHI -digested PCR product was cloned 
into BamHI site of pYX423. Ne^tit, an EcoRI fragment of a 3XHA 
tag (Schneider et al . , 1995v generated after PCR using 
primer pair HA 5' and HA 3* was added to the N-terminus of 

15 SML1 to construct plasmid pWJ699t. Both pWJ744 and pWJ699 can . 
functionally complement rnrl ank smll , respectively. 

Trans formants containing these two plasmids were grown to 
OD 600 = 0.25 in SC-LEU-URA medium with 2% raffinose replacing 

20 glucose. Two percent galactose was added and the cultures 
were grown for 5 more hours. Next, protein extracts were 
prepared by the glass bead disruption method in NP-40 buffer 
(150 mM NaCl, 1% NP-40, 50 mM Tris (pH 8.0), 2 fM pepstatin 
A, 2 mM benzamidine, 1 mM EDTA, 100 /zM leupeptin, 19 /zg/ml 

25 aprotinin, 1 mM PMSF, 5 /zg/ml chymostatin; Harlow and Lane, 
1988) . Protein concentration was measured using the Bio-Rad 
Protein Assay. Five hundred //g of protein extract was 
incubated with either 200 of a 50% slurry of glutathione 
beads for 30 min. or 1 ptg anti-HA antibody (3F10, BOEHRINGER 

30 MANNHEIM®) for 1 hour followed by incubation with 50 /zl of 
50% protein G beads for 3 hours. All incubations were 
carried out at 4°C. After washing 5 times with NP-4 0 buffer, 
protein complexes were dissolved in 100 jzl SDS gel loading 
buffer and were separated on a 7.5% gel and a 15% PAGE gel. 

35 The proteins were transferred to nitrocellulose and anti-GST 
antibody (MOLECULAR PROBES®) and anti-HA antibody (3F10) 
were used to detect GST-Rnrl and HA- Smll, respectively. 
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Ex ample 6: Yeast Smll * a protein inhibitor of ribonucleotide 
reductase 

The following is an example that biochemically demonstrates 
5 that Smll functions as a strong protein inhibitor of 
ribonucleotide reductase (RNR) activity. This confirms our 
results with this protein. The example shows that Smll 
binds to and decreases the activity of a mammalian RNR. 
These results strengthen the case for using Smll peptide 
10 mimetics to help develop potential drugs to target RNR. 

Ribonucleotide reductase (RNR) catalyzes the reduction of 
ribonucleotides to deoxyribonucleotides ; this step is rate 
limiting in DNA precursor synthesis. A number of regulatory 
rg 15 mechanisms ensure optimal deoxyribonucleot ide pools, which 

i" 4, are essential for cell viability. The best studied 

!|j mechanisms are transcriptional regulation of the RNR genes 

l!p1 during the cell cycle and in the response to DNA damage, and 

the allosteric regulation of ribonucleotide reductase by 
;g 2 0 nucleoside triphosphates. Recently, another mode of RNR 

regulation has been hypothesized in yeast. A novel protein, 
Smll, was shown to bind to the Rnrl protein of the yeast 
Q . ribonucleotide reductase; this interaction was proposed to 

=l& inhibit ribonucleotide reductase activity when DNA synthesis 

25 is not required (Zhao, X., Muller, E.G.D., and Rothstein, R. 
(1998), Mol . Cell 2, 329-340). Here, we use highly purified 
recombinant proteins to directly demonstrate that the Smll 
protein is a strong inhibitor of yeast RNR. The Smllp 
specifically binds to the yeast Rnrlp in a 1 : 1 ratio with a 
30 dissociation constant of 0.4 jxM. Interestingly, Smllp also 
specifically binds to the mouse ribonucleotide reductase Rl 
protein. However, the inhibition observed in an in vitro 
mouse ribonucleotide reductase assay is less pronounced than 
the inhibition in yeast and probably occurs via a different 
3 5 mechanism. 



Lid 

ru 



Ribonucleotide reductase (RNR) 1 plays a crucial role in DNA 
synthesis, by catalyzing the direct reduction of all four 
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ribonucleotides to deoxyribonucleotides . Both the yeast and 
mammalian ribonucleotide reductases belong to the 
ribonucleotide reductase class la; in this class, the active 
enzymes consist of a large subunit and a small one (1) . In 
5 mammalian cells, these two non- identical homodimeric 
subunit s are encoded by the Rl and R2 genes, respectively. 
The Rl protein contains redox active dithiols, the active 
site binding nucleoside diphosphate substrates and binding 
sites for nucleoside triphosphates that act as allosteric 
10 effectors. Substrate specificity is controlled by binding of 
ATP , dATP, dTTP or dGTP to a specificity site, while overall 
activity is controlled by binding of . ATP (active) or dATP 
(inactive) to an activity site (2). Failure to control the 

."5 size of dNTP pools and/or their relative amounts leads to 

#3 15 cell death or genetic abnormalities (3) . 

p 

;;jf| The R2 protein contributes a tyrosyl free radical, which is 

essential for RNR activity; this radical is generated by a 
binuclear iron center (2). The flexible C-terminal tail of 

Q 2 0 the R2 polypeptide chain is essential for the Rl and R2 

^ interaction, and upon binding to the Rl protein, the 

flexible R2 protein tail becomes rigid (4) . Peptides and 

*3 peptidomimetics corresponding to the R2 protein C-terminal 

inhibit ribonucleotide reductase in a species specific way 
25 (5) . 

In S . cerevisiae . there are two genes encoding Rl-like 
proteins, RNR1 and RNR 3 (6) ; there are also two genes 
encoding R2-like proteins, RNR2 (7,8) and RNR 4 (9. 10) . The 

3 0 yeast ribonucleotide reductase genes are one of the targets 
of the Mecl-Rad53 dependent DNA damage/cell cycle checkpoint 
pathway (11) . Overexpression of the yeast ■ RNR genes 
suppresses the lethality of strains lacking Mecl or Rad53, 
supposedly by increasing the dNTP pools (12) . Unlike the 

3 5 mammalian enzyme, the yeast RNR is not . inhibited by 
physiological concentrations of dATP; this observation 
explains the positive correlation between enzyme and dNTP 
levels in yeast 2 . Recently, Zhao et al . (13) identified a 
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novel protein that negatively affects dNTP pools in yeast, 
and they called it Smllp. Deletion of SML1 rescued the 
lethality of a mecl or rad53 strain. Smllp was shown to 
interact with the yeast Rnrl protein using the two-hybrid 
5 system and co-immunoprecipitations . For this reason, a novel 
mode of RNR regulation was suggested, where Smllp binding to 
the Rnrl protein would inhibit the enzyme. 

Using highly purified recombinant proteins, we now directly 
10 demonstrate in an in vitro veast ribonucleotide reductase 
assay that Smllp is indeed a very potent inhibitor of yeast 
RNR. It specifically binds to the yeast Rnrlp as shown by 
biosensor technique using sensor chips with immobilized 
Smllp. Interestingly, the Smllp also specifically binds to 
15 the mouse Rl protein with high affinity. However, the 
inhibition seen in an in vitro mouse ribonucleotide 
reductase assay is less pronounced than in the yeast system, 
which indicates an inhibition mechanism different from the 
one in yeast. These findings may be used to develop a new 

2 0 generation of antiproliferative drugs targeted- to RNR. 

Materials and methods 

Recombinant proteins aAd peptides. The recombinant yeast 
proteins Rnrl, Rnr2 ana Rnr4 were expressed in E. coli 

25 BL21(DE3) bacteria using the pET3a expression vector; mouse 
recombinant proteins Rl and R2 were expressed in E. coli 
BL21 (DE3) pLysS bacteria \using the same vector (14). 
Purification of the recombinant mouse and yeast Rl proteins, 
and of the recombinant mouse R2 protein, was made as 

30 described earlier (15,16) . The yeast Rnr2 and Rnr4 proteins 
were coexpressed and purified as a heterodimer 3 . The SML1 
coding sequence (13) was amplified by PCR from yeast genomic 
DNA using the following oligonucleotides: 5'-CAA TAA TTT CCC 
CAT ATG CAA AAT TCC-3' and 5' -AAA GGA TCC TTA GAA GTC CAT TTC 

3 5 CTC GAC-3\ After the PCR produ&t was cleaved with Ndel and 

BamHI restriction endonucleases , it was cloned into the 
pET3a vector digested with the same restriction enzymes. The 
SML.1 sequence in the resulting pCLasmid was checked by DNA 
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sequencing. Recombinant yeast Smllp was expressed in E. coli 
BL21 (DE3)pLysS bacteria by growing a culture at 37°C to an OD 
of 0.6 at 600 nm, followed by induction with 0.5 mM IPTG. 
After 3 hours, the bacteria were harvested by 
5 centrif ugation, resuspended in 50 mM Tris-HCl, pH 7.4, ImM 
EDTA, and lysed by freezing in liquid nitrogen. After 
thawing, the lysate was centrifuged at 150000xg, 4°C for 1 h. 
Proteins in the supernatant were precipitated by adding 
solid ammonium sulfate to 25% saturation at 0°C (0.136 g/ml) . 
10 The pellet was dissolved in the same buffer as above; 
finally, the solution was centrifuged through Ultrafree-MC 
Millipore 30,000 NMWL Filter units with a 3 OKDa cut-off 
value to obtain pure Smll protein in the filtrate. 

15 N-acetylated peptides corresponding to the last 9 amino 
acids of either Rnr2p (GAffTFNEDF) , Rnr4p (KEINFDDDF) or 
Smllp (QGKVEEMDF) were ordered from Genosys . 

Protein concentrations. Protein concentrations were 
20 determined by reading the absorbance at 280 nm, and using 
the earlier published E 1% lcm of 12 (mouse Rl and yeast Rnrl . 
proteins (15)) or . 13.7 (mouse R2 protein (16)). The 
corresponding value for the Rnr2p/Rnr4p heterodimer ( 12 . 9) 
was obtained from quantitative amino acid hydrolysis of 
25 aliquots from solutions with known absorbance. The 
concentration of Smllp solutions was determined using an 
E 1% 1cm of 7.1 based on calculations (DNA star, Inc.) from the 
amino acid composition. 

30 BIAcore biosensor analysis. The interaction between Smllp 
and either yeast Rnrlp or mouse Rl protein was studied by. 
biosensor analysis using the BIAcore method (Biacore AB) . 
The Smll protein was prepared in 10 mM sodium acetate, pH 
5.2, at a concentration of 0.44 mg/ml ; it was then 

3 5 immobilized on the dextran layer of the sensor chip as 
described previously for the mouse R2 protein (17) . The 
ligand proteins were equilibrated with running buffer (10 mM 
Hepes-KOH, pH 7.4, 200 mM potassium acetate, 1 mM EDTA, 5 mM 
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magnesium acetate and 0.05% Surfactant P20 (BIAcore) . The 
interactions were studied at a constant temperature of 22°C 
and a constant flow of 5 /il/min. Kinetics for the 
interaction of Smllp with yeast Rnrlp was determined by 
allowing the immobilized Smllp to interact with increasing 
concentrations of Rnrlp (18) . The resonance unit (RU*. is 
proportional to the mass, and 1 RU corresponds to a surface 
concentration of 1 pg of protein/mm 2 of the 100 nm thick 
dextran layer (19) . 



10 



Sucrose gradient centrif ugation. Rnrlp (500 /xg) was 
incubated in 0 . 1 ml of 20 mM Hepes-KOH, pH 7.4, 100 mM 
potassium acetate, 10 mM magnesium acetate, 5 mM 
dithiothreitol , and 0.1 mM dTTP if indicated, in the 
15 presence or. absence of 90 fig of Smll protein. After 30 min 
incubation at 25°C, the samples were cooled on ice and mixed 
with 0.75 fig of bovine liver catalase (Sigma); catalase 
served as a marker for the determination of sedimentation 
coefficients. The 0.1 ml samples were layered onto 4.0 ml of 
20 a 5 to 20% linear gradient of sucrose in the same buffer as 
above, and centrif uged for 14 h at 40, 000 rpm in a Beckman 
If SW 60 rotor at 4°C. The bottom of each tube was punctured, 

i and fractions of approximately 0.1 ml were collected. 

Aliquots of each fraction were removed for 
25 spectrophotometric assay of catalase activity (20) ; protein 
concentration as determined by the Bradford method (21) ; or 
SDS-PAGE analysis . 

Results 

3 0 Purification of recombinant yeast Smll protein. As seen in 
Figure 8, pure recombinant Smll protein was obtained after 
only three purification steps - ultracentrif ugation, 
ammonium sulfate fractionation and ultrafiltration. The 
yield was about one mg of pure protein per liter of 

35 bacterial culture. 



Inhibition of yeast ribonucleotide reductase by the Smll 
protein. Recombinant yeast ribonucleotide reductase was 
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assayed for activity using a CDP reduction assay, with ATP 
as a positive effector in the presence of increasing amounts 
of Smll protein (Fig 9). A molar ratio of 1:1 between Rnrlp 
monomer (MW 100000) and Smllp (MW 11800) gave about 50% 
inhibition. The amounts of Rnr2p/Rnr4p heterodimer were 
varied (1 to 32 fig) at one fixed amount of Rnrlp (2 /zg)-and 
0, 0.2 and 2 fig of Smllp; this experiment did not give any 
evidence of competition between. Smllp and the Rnr2p/Rnr4p 
heterodimer for binding to Rnrlp. Instead the data fitted 
best to a noncompetitive inhibition (data not shown) . 

Inhibition of yeast ribonucleotide reductase by nonapeptides 
corresponding to the C-terminal ends of Smllp, Rnr2p or 
Rnr4p. The C-terminal sequence of the Smllp shows some 
homology to the C terminal peptides of the Rnr2 or Rnr4 
proteins. Since such peptides are known to inhibit RNR 
activity by binding to the Rl protein and preventing R1/R2 
interaction, we wanted to study the influence of a C- 
terminal nonapeptide of Smllp on yeast RNR activity. As 
shown in Fig. 10, nonapeptides from the C terminus of Rnr2p 
or Rnr4p inhibited the in vitro y east RNR assay to about the 
same extent with an IC 50 of 44 and 30 /iM, respectively. In 
contrast, the nonapeptide corresponding to the C terminus of 
Smllp showed an inhibition with an IC 50 of only about 300 /zM. 

Interaction between yeast Rnrl protein and Smll protein 
assayed by sucrose gradient centrif ugation . For enzymatic 
activity, ribonucleotide reductases of the class la type 
must form a heterodimeric complex composed of homodimeric Rl 
and R2 proteins. It was previously demonstrated for the 
mouse RNR that binding of effectors to the substrate 
specificity site promotes formation of the Rl dimer, which 
is believed to be a prerequisite for binding to the R2 dimer 
(18,23). To test if Smllp binding to the Rnrlp might 
interfere with Rnrlp dimer formation and thereby inhibit RNR 
activity, we preincubated Rnrlp and Smllp in the presence of 
the allosteric effector dTTP; we then analyzed the mixture 
on a sucrose gradient (Fig. 11) . The addition of dTTP 
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induced formation of dimers and tetramers of the Rnrlp, and 
no monomer peak could be seen in the gradient. This pattern 
is quite different from the one shown in the absence of 
dTTP, where the Rnrlp monomers dominate (Fig. 11). Addition 
5 of Smllp did not influence the distribution of Rnrlp in the 
gradient, and no shift from dimers to monomers could, be 
observed. At the same time, analysis of the fractions by 
SDS-PAGE clearly demonstrated two peaks of Smllp, one minor 
peak cosediment ing with the dimer peak of Rnrlp, and one 

10 major peak representing free Smllp sediment ing at the top of 
the gradient. The fact that a portion of Smll protein was 
present in the fractions containing the Rnrlp dimers 
indicates that the Smllp can bind to the Rnrlp dimer without 
dissociating it into monomers. No shift towards Rnrlp 

15 monomers was observed under the following conditions: the 
Rnrlp/Smllp/dTTP incubation mixture was sedimented through 
a gradient containing Smllp at a concentration of 0.15 mg/ml 
throughout to minimize Rnrlp-Smllp dissociation (data not 
shown) . Therefore, binding of Smllp did not influence the 

2 0 monomer/dimer equilibrium of the Rnrlp. 

Kinetic studies of the interaction between the Rnrl and Smll 
proteins using a biosensor technique. To obtain a 
quantitative description of the Rnrlp and Smllp interaction, 

25 we immobilized the Smll protein to the dextran layer of a 
sensor chip, and then injected a series of solutions 
containing increasing concentrations of Rnrlp to the same 
sensor chip. The immobilization of Smllp at a concentration 
of 0.44 mg/ml gave an increase of 91 resonance units (RU) , 

30 which correspond to 91 pg/mm 2 . With a surface of 0 . 8 mm 2 , 
91 RU corresponds to a total of 72.8 pg of bound Smllp, 
which can be compared with the total injected amount of 15.4 
/ig. This low degree of attachment (only 0.0005%) makes it 
unlikely that the protein is attached to multiple binding 

35 sites. 



Increasing concentrations of Rnrlp resulted in increasing 
equilibrium values, which approached a maximal value (Fig. 



12A) . In control experiments, where the same series of Rnrlp 
solutions passed a sensor chip without immobilized Smllp, a 
"bulk effect" gave a response of only about 60 RU. The same 
background value of about 60 RU was observed when bovine 
serum albumin or Rnr2p/Rnr4p heterodimer was injected at a 
concentration of 0.1 mg/ml (data not shown). In Fig. L2B, 
the response at equilibrium is plotted against the 
concentration of injected Rnrlp. Using the GraphPad Prism 
program (GraphPad Software, Inc.), an equilibrium 
dissociation constant (KD ) of 0.41 + 0.1 jiM and a maximal 
binding of 691 RU were obtained. These values correspond to 
6 91 pg/mm 2 or a total of 553 pg or 5.5 fmol Rnrlp monomer 
bound to about 6.2 fmol immobilized Smllp, i.e. nearly one 
Rnrlp monomer bound per molecule of immobilized Smllp. Using 
the BIAevaluation software (Biacore AB) , an association rate 
constant of about 153000 M 1 s " 1 and a dissociation rate 
constant of 0.04 s" 1 were obtained from the lower curves in 
Fig. 12A. Calculating the equilibrium dissociation constant 
from these rate constants gave a Kp of about 0.25 fiM, which 
is close to the directly determined K^. Mixing the Rnrlp with 
Rnr2p/Rnr4p heterodimer, with or without dTTP before 
injection, did not affect the curves; the same results were 
obtained as when Rnrlp was injected alone. 

Inhibition of mouse ribonucleotide reductase by the Smll 
protein. The effects of Smll protein on pure recombinant 
mouse ribonucleotide reductase were tested in a CDP assay in 
the presence of ATP as a positive effector (Fig 13) . In the 
figure, RNR activity in the presence of a fixed amount of Rl 
protein, and in the presence or absence of a 300 fold molar 
excess of Smllp, are plotted against increasing 
concentrations of the R2 protein. In contrast to the 
situation with the yeast RNR, this inhibition is less 
pronounced and dependent on the Rl to R2 ratio. In a double 
reciprocal plot, clear competition is observed between Smllp 
and the R2 protein (data not shown) . 

Kinetic studies of the interaction between the mouse RNR Rl 
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protein and the Smll protein using a biosensor technique. 

After observing inhibition of the mouse RNR by Smllp, we 
wanted to characterize the binding between the mouse Rl 
protein and Smllp. As before, the Smllp was immobilized on 
5 a sensor chip, and a solution containing 0.1 mg/ml of mouse 
Rl protein was injected (Fig. 14) . On injection, a .very 
rapid association phase was observed; this phase was 
immediately followed by a prolonged dissociation phase that 
never reached an equilibrium plateau. Injecting the Rl 
10 solution over an empty sensor chip gave the same low 
background value as observed earlier. Injection of mouse R2 
protein also resulted in only background values (data not 
shown) . To exclude the possibility that the unexpected 
behavior of the mouse Rl protein was due to improperly 

■•is? 

OB 15 immobilized Smllp, we injected 0.1 mg/ml of the yeast Rnrl 

protein; we observed the same type of response as in Fig. 
f;p 12A, with a clear equilibrium plateau. Knowing that 

allosteric effectors affect the conformation of Rl proteins, 
1 we next mixed the mouse Rl protein with dTTP before 

P 2 0 injection. This time, a rapid association phase was followed 

by a clear equilibrium plateau; this sensorgram resembled 
i'lH the sensorgram obtained with the yeast Rnrlp. Finally, we 

f3 mixed the mouse Rl protein plus dTTP with R2 protein before 

injection, expecting to see an R1/R2 complex bound to Smllp. 
25 However, the R2 protein addition almost abolished the 
specific Rl binding, and resulted in almost background 
values. No attempts were made to quantify the mouse Rl 
binding data, since the sensorgrams deviated widely from 
standard curves. 

30 

Discussion. 

Our in vitro data directly prove the hypothesis of Zhao et 
al . (13) that the yeast Smll protein is a physiological 
inhibitor of ribonucleotide reductase; this is a new concept 
3 5 in the RNR field. So far, no mammalian homologue has been 
identified, and no homologous proteins could be found in 
available databases. This situation may reflect different 
control of ribonucleotide reductase activity in yeast and 
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mammalian cells. In yeast, transcriptional activation of the 
RNR genes and suppression of the Smll protein lead to 
increased RNR activity and deoxyribonucleotide pools after 
DNA damage (12, 13). In contrast, mammalian cells control 
5 RNR activity by an S- phase /DNA- damage specific stabilization 
of the R2 protein, until cells enter into mitosis,- in 
combination with negative feedback regulation by dATP 2 . We 
suggest that the Smll protein may substitute for dATP 
feedback regulation, since yeast RNR is not inhibited by 
10 physiological concentrations of dATP. Therefore, unlike in 
mammalian cells, there is a direct correlation between 
levels of RNR proteins and deoxyribonucleotide pools in 
:Bli% yeast cells. 

3 

15 The Smll protein specifically binds to the yeast Rnrl 
j B i« protein with a dissociation constant of 0.4 fiM and in a 1 : 1 

ul- ratio at saturation. Binding did not influence the Rl 

monomer/dimer equilibrium, and no competition with the R2/R4 
:: heterodimer was observed. These observations may indicate 

2 0 separate binding areas on the Rl protein, or that the 

US 

affinity of the Rnrlp/Smllp interaction is much higher 
\U compared to the Rnrlp interaction with the R2/R4 

.3113. 

!"? heterodimer. For mouse and E. coli RNRs , the dissociation 

constant for the R1/R2 complex was reported to be around 0.1 

25 fiM (18); the subunit interaction in the yeast RNR appears 
much weaker, however, and we have not yet been able to 
quantify it. On a molar basis, the Smll protein is about 200 
times more efficient in inhibiting yeast RNR activity than 
its C terminal nonapeptide. Furthermore, unlike Smllp 

30 inhibition, peptide inhibition depends on the concentration 
of the R2/R4 heterodimer. 

The yeast Rnrl protein and the mouse Rl protein show 68% 
amino acid sequence identity, and the sequence similarities 
35 are distributed along the whole polypeptide chain. Still, it 
was quite unexpected that the Smll protein would also 
specifically bind to the mouse Rl protein. However, as 
indicated by the sensorgram that shows mouse Rl binding to 
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Smllp, the initial rapid binding was followed by a prolonged 
dissociation that is prevented by the addition of dTTP. This 
finding may indicate conformational changes induced by dTTP 
that makes the Rl protein a better target, or that binding 
of the Rl dimer is preferred. Furthermore, both in the mouse 
RNR assay and in the biosensor experiments, clear 
competition was observed between Smllp and the mouse R2 
protein for binding to the Rl protein. Therefore, the 
inhibition mechanism may differ for yeast and mouse RNR 
enzymes. While inhibition in the yeast system is very 
efficient and may involve blocking the entrance to the 
active site, inhibition in the mouse system is rather 
inefficient and may reflect blocking R2 protein binding to 
the Rl protein, perhaps in the same way as R2 protein C 
terminal peptides . 

The structural studies of the Smll protein, alone and bound 
to the Rl protein, will reveal the mechanism of inhibition. 
This finding should be useful in developing specific 
antiproliferative inhibitors of RNR; such new inhibitors 
could complement existing ones, which include radical 
scavengers, iron chelators and peptidomimet ics (2) . 
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Tabic 3. Yeast Strains Used in This Study 






]_ 0 Strains 


Genotype 


Reference/Source 




W1588-4C 


MAT»adc2-l cattl -100 hi*3-l 1.15 Icu2*3.112 lrpl-1 iiraJ-I 


H. Zou and R. Rothstetn 




DLY258* 


MAT* mtcl-1 smll-t barU&isG 


T. Weinert 




AMPX07 b 


MAT* HOzLYSl uro3 trpl ly$2 ltu2 


A. Mitchell 


Q 


MCY3647* 


MATa Ieu2-3M2 ura3>S2 ly$2>$01 his3-A200 


M. Carlson 


■.n 


YCH13 b 


MATa hi j 7 Uu2 adt2 adc3 iiroj trpl can I zap 3 


C. Hardy 




U940 


MAT* cde2A aifeJd mtcl-1 sm/M ipKSilb- AD E3-MEC1 1 


Tikis Study 




U946 


MATacdt2& odt3A S Mil :URA3:SMU 


This Study 


4" ■ 


U952-3D 


MAT* smllA::HlS3 


This Study 


m 


U953 


MATa/a meclA::TRPl/MZCl $mUA::HlS3/$MLl 


This Study 


m 


U959 


MA T*/a rndS3A::HIS3/RAD53 


This Study 




U953-61A 


MAT* meclA::TRPl smllA::HIS3 


This Study 




U960 


MATa/a rodS3A::HtS3/RADS3 smlUl/SMLl 


This Study 


•stcr 


U960-5C 


MAT* rodS3A::HlS3 jm/I-I 


This Study 




W1744-2C e 


MATa nice 1*3 lytZA 


This Study 




W1745-11C a c 


MAT* mrc JO lysZA 


This Study 


m 


W1907-4A 


MATa teil*:URA3 


This Study 


.nez. 


U971 


MATa dttnlA::URA3 


This Study 




R920 


MAT*mipl*:tlRA3 |pFL39 MtPl) radS 


F. Foury 




R921 


MAT* miplA::URA3 |pFL39 nnpM| radS 


F. Foury 




PJ69-4A b 


MAT* irpl-901 Ieu2-3M2 ura3-$2 his3~200 ^niiA gal8Q6 
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAU-lacZ 


P. James 



All strains are isogenic or congenic (more than 10 backcrossest to W303 (Thomas and Rothstcm. 1989) unless otherwise 
noted. All W303 derivatives, except indicated, are RAD 5. For W303-related strains, only alleles that differ from 
W303 are listed. * 4lh backcross to VV303. b not related to W303. c Parental strains were kindly provided by Ted 
Weinert (Weinert et at.. 1994) 
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